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Abstract

Calcium phosphate cement (CPC) has been success-

fully used in bone tissue regeneration for many years.

However, poor mechanical properties and low biode-
gradation rate limit any further applications. R-cement
has a higher solubility than conventional CPC and its
reaction products (CDHA) are similar to the mineral

phase of bone.

In this work we have developed new CPC compo-
sition which consists of a mix of cement R, glycerol as
a liquid phase carrier and a biodegradable hydrogel
(chitosan) which acts as a binder and was incorpo-

rated info R-cement to strengthen this biomaterial.

The cement past was found to be stable in a syringe
(even after two month of storage in the freezer) and
hardened only after being exposed to biological

fluids.

Keywords: calcium phosphate cement, injectability,
chitosan

[Engineering of Biomaterials, 92, (2010), 2-4]

Introduction

Calcium phosphate cement (CPC) can be molded or
injected to form a scaffold in situ, it has excellent osteocon-

ductivity, and can be resorbed and replaced by new bone [1].

Because of the apatitic nature of the set cement, it is highly
compatible with soft and hard tissues [2]. The advantages

an injectable CPC cement include: shortening the surgical
operation time, minimizing the invasive surgery, reducing
postoperative pain and scar size, achieving rapid recovery,

reducing cost [3]. For implantation of CPC many surgeons
want a material which after implantation in bone is com-
pletely resorpted within the shortest possible time, at least
when this resorption is compensated by the growth of the
new bone [4]. Although most of calcium phosphate cements

are more resorbable than sintered hydroxyapatite ceramics,

they still show relatively slow resorption kinetics and in many
cases the cement remains stable in the implanted site dur-
ing years. K, Na, Ca - Phosphate (cement R) has a higher
solubility than conventional CPC and its reaction products

are similar to the mineral phase of bone (CDHA). However,
pure mechanical properties limit any further applications.

The biopolymer chitosan was incorporated into R-cement
to strengthen this biomaterial. Chitosan and its derivatives
are natural biopolymers that are elastomeric, biocompat-
ible and resorbable [5]. Chitosan incorporated into CPC,
can yield higher flexural strength, toughness, and strain-
to-failure [6]. In this work a cement R/chitosan blend was
developed with the advantage of being moldable (the CPC
paste intimately adapts to the bone cavity) and capable of in
situ setting to form calcium deficient hydroxyapatite (CDHA)
under physiologic conditions (in an aqueous environment
at body temperature).

Materials and methods

R-cement was prepared by mixing two powders:
(Ca,KNa(PO,),) and (H,PO,),'H,0 as a catalyst in the cor-
rect stoichiometric ratio. As a liquid phase we have used a
gel mixture of dehydrated glycerol and chitosan prepared by
dissolution of the chitosan powder in glycerol under constant
stirring during few hours. The optimum required quantity
of the polymer in the formulation was chosen by estimat-
ing the improvement in cohesion and injectable properties
of the paste. The powder and liquid were manually mixed
with a spatula to form a cohesive past that was filled into a
stainless steel mold of 10 mm diameter and 3 mm deep and
immersed in a Ringer’s solution. The time measured from
the powder-liquid mixing to the time after which the cement
paste reached a point of stiffness where it becomes unwork-
able, was used as the setting time for the specimen.

In order to determine the stability of the paste after two
months, syringes with and without chitosan paste composi-
tions were stored in the freezer at -18°C.

Injectability tests were performed at a constant injection
speed of 15 mm/min using a MTS 858 BIONIX. The injecta-
bility was reported as a weight loss percentage between the
cement extruded from the syringe and the cement remained
inside the syringe. XRD analysis (Bragg-Brentano PANa-
lytical X’Pert PRO MPD) was used to examine the effect
of chitosan on the R cement conversion to hydroxyapatite.
To evaluate the compressive strength of the cement, the
paste was moulded into cylinders (6 mm in diameter, 12 mm
in length). Then the samples were incubated in Ringer’s so-
lution for 6 hours, 1, 3, 7 and 14 days and then, compressive
strength was measured, using a universal material testing
machine (Adamel Lhomargy, DY 32/34). Each measurement
was repeated five times. The compressive strength was
calculated by using the fracture load divided by specimen’s
cross-section area. Immediately after the samples had been
tested in compression, water of specimens was eliminated
by dipping them in acetone and then dried in an oven at
60°C to stop hydrolysis reaction. The microstructural devel-
opment was investigated by scanning electron microscopy
(SEM Jeol JSM 6400) on the broken surfaces of specimens
previously tested in compression.

Results and Discussions

Cement setting time is listed in TABLE 1. R cement with
water had a relatively slow setting time. The setting time
increased with the presence of glycerol reaching 50 min.
The samples stored in the freezer for two months showed
a significantly lower setting time of 29-32 min. The addi-
tion of chitosan into the cement composition had minimal
increase in the initial setting time of samples after storage
in the freezer.

Injectability tests were performed on time zero samples
as well as on the samples after two month of storage in
the freezer. The injection force is presented in FIG. 1.



TABLE 1. R-cement setting time for time-zero and
two-month samples.

. Two-month
Time-zero samples samples
Initial Final Initial Final
time time time time
. 16-20
CR/water <10 min. min.
CR/glycerol | <50 min. | 4.00 h [<29 min.| 3.30 h
Cr/glycerol/ . .
chitosan <50 min. | 4.00h |<32 min.[ 3.30 h
120
1 CR/Glycerol
1001 CR/Glycerol/Chitosan f I
1 * CR/Glycerol — 2 months storage : '_
. 80_ CR/Glycerol/Chitosan — 2monthsstorage- H
< 60‘
© |
o
S 40| e, :
L 1 f'" N —
20{, ___}
Oa
0 5 10 15 20
Displacement (mm)

FIG. 1. Injection force vs. syringe displacement for
R-cement and R-cement/chitosan pastes before and
after storage in the freezer.

Typical curves for injectable paste are shown for both: time
zero samples and two-month samples. However, a small
difference is observed in the applied force in the second
case, which is about 20 N higher. Probably, it is due to the
small reaction with water from ambient from the residual
impurity of glycerol. It is not significant and the blend can
be easily injected anyway. The cement was extruded and
a maximum force of 100 N was achieved, because higher
forces may not be practical in manual injection during sur-
gery. The percentage of extruded paste was determined
as the mass of the paste that could be extruded from the
syringe divided by the original mass of the paste inside the
syringe, which was about 96% for both CR/glycerol and
CR/glycerol/chitosan samples.

FIG. 2 presents the X-ray diffraction patterns of the ce-
ments. After 1 day of immersion, characteristic peaks of
CSPP were still present. After 7 days CSPP’s peaks disap-
peared, and peaks around 2[] = 26° and 32° attributable
to hydroxyapatite were observed, suggesting the totally
convertion of R cement into CDHA. Basically, both types of
R-cement (CR/glycerol and CR/glycerol/chitosan) showed
the same XRD pattern before and after two month stored
in the freezer.

The effects of chitosan on mechanical properties of the
R cement after different immersion times in Ringer’s solu-
tion are shown in FIG. 3a. For CR/glycerol/chitosan the
maximum compressive strength was attained after 3 days of
immersion, while the highest value of compressive strength
was observed after 1 day for time-zero samples and after
3 days for samples which were stored in the freezer (FIG.
3b). The addition of chitosan seemed to increase the com-
pressive strength of the cement after storage in Ringer’s
solution for 14 days.
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FIG. 2. The X-ray diffraction spectrum of the (a) R cement/glycerol and R cement/glycerol/chitosan (b) samples
after different times (1, 3, 7 and 14 days) of immersion in Ringer’s solution. (a-b) time-zero samples, (b-c) samples

after two month of storage in the freezer.
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FIG. 3. Mechanical properties of (a) time zero sam-
ples after different times (6h, 1, 3, 7 and 14 days)
of immersion in Ringer’s solution and (b) samples
after two-month of storage in the freezer.

Typical scanning electron microscopic pictures of the
fractured surfaces are shown in FIG. 4. It can be seen that
granular crystals appeared on the surface of specimens
soaked in Ringer’s solution for three days. In both cases
SEM micrographs show the formation of nanosized hy-
droxyapatite crystals in flowery-like morphologies. There
were no significant changes in the morphology of R-cement
before and after two-months storage in the freeze.
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Conclusions

The cement setting is the result of a dissolution and
precipitation process, and the entanglement of the pre-
cipitated crystals is responsible for cement hardening [7].
The set samples consisted of calcium deficient hydroxya-
patite (CDHA), as determined by X-Ray diffraction, where
no compositional change was produced by the chitosan
addition. XRD results showed no difference between R ce-
ment before and after two month of storage in the freezer.
R cement/glycerol/chitosan blends were produce with good
injectability and cement setting features in a physiological
fluid. R cement paste composition was developed to shorten
the surgical time by avoiding the one-side powder-liquid
mixing and to improve the cement mechanical properties
(addition of chitosan). The addition of chitosan seemed
to increase the compressive strength of R cement after 2
weeks of immersion in Ringer’s solution but further studies
are needed to investigate the long term resorption rate of
R cement/chitosan blend.
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Introduction

Wettability or wetting is a process when a liquid spreads
on a solid substrate or material. Wettability can be estimated
by determining the contact angle or calculating the spreading
coefficient. Wetting or spreading of a liquid on a solid surface
or material depends on the solid surface properties as well
as the liquid used. Therefore, by manipulating the properties
of surfaces one can optimize the function or performance
of a solid surface or material for the purpose of interest.
Likewise, if modifying the solid surface properties is not an
option, one can manipulate the properties of the liquid of
interest to achieve the desired wetting conditions [1].

Polyesters and their modifications are widely used for
biomedical applications such as drug delivery systems
and resorbable implants. The degradation kinetic of these
biopolymers can be tailored by the introduction of functional
groups in their backbone, leading to a modification of their
morphology and hydrophilicity [2].

The shortage of tissues and organs for transplantation
has led to the rapid development of tissue engineering as
an alternative. Tissue engineering aims at replacing or
facilitating the regrowth of damaged or diseased tissues
by applying a combination of biomaterials, cells and bioac-
tive molecules. Certain tissues in the body contain cells
capable for initiating regeneration or repair after injury.
The regeneration potential varies among different cell types
and depends on the nature of the injury or disease. Tissues
undergoing constant renewing are capable for a complete
regrowth, however this ability depends on a variety of factors
such as injury size and cause and the person’s age. Other
tissue types such as heart muscle and central nerves lack
regeneration ability in the adult. For these tissue types, stem
cell biology offers the potential to grow tissue by following
a developmental pathway [3].

The development of new materials for a biomedical
field requires different polymer systems characterized by
a combination of specific physico—chemical, mechanical,
processing and biological properties. The interesting group
of biodegradable and biocompatible polyesters are materi-
als containing oligo(butylene succinate) segments and se-
quences of a dimmerized fatty acid (saturated dilinoleic acid
- DLA) [4]. When appropriately modified with poly(ethylene
glycol) (PEG), they can form terpolymers of the increased
hydrophilicty and the controlled degradation time.

In presented work, we report on the comparison of dif-
ferent methods used for determining the wettability of multi-
block poly(ester-ether)s containing PEG of 1000 g/mol.

Experimental part

The materials were prepared by a polycondesation reac-
tion [4] in the presence of vitamin E (a-tocopherol, VE) as a
thermal stabilizer [5] (TABLE 1).

TABLE 1. Composition of investigated materials.

Content of

Content of

. . Content of
coymer PN Smmrzed ol e
composition PBS DLA glycol) PEG
(WE%)  (wt%) )
PBS/DLA 50 50 0
[PBSDLAPEG| 50 25 25 |
[ PBsiPEG 50 0 50 |

The wettability of the prepared polymer surfaces was
characterized by contact angle (CA) measurements.
The water/air contact angles were determined by a sessile
drop in a static or a dynamic mode (needle in sessile drop)
using the Contact Angle Measuring System OCA_20 (Da-
taphysics, Germany) and using a dynamic Wilhelmy plate
method (Tensiometer K12, Kruss Germany).

The samples for the optical methods were prepared by
the spin casting from 1 % wt. polymer solutions in chloro-
form on the glass slides in dust—free laminar-flow box at a
constant temperature 25°C. The static contact angle was
measured by a contact angle goniometer using an optical
subsystem to capture the profile of a pure liquid on a solid
substrate (a sessile drop method). The angle formed be-
tween the liquid/solid interface and the liquid/vapor interface
is the contact angle.

The dynamic measurements were conducted using
a computer-controlled motor-driven syringe to pump
water steadily into and from the sessile drop leading to
an increase or decrease in drop volume, and hence the
three-phase contact radius. The water drop volume was
increased and decreased by 10ul with dosage rate 0.5ul/s,
thus at ~0.4mm/s velocity of three-phase contact line.
A sequence of pictures of the growing and diminishing drop
was recorded by computer-controlled camera. Each image
was analyzed by ADSA-P (“automated axisymmetric drop
shape analysis-profile”) using an ellipse fitting calculation
for the PBS/DLA and PBS/DLA/PEG samples and using
a circle fitting calculation for the PBS/PEG samples. The
measurements were repeated at least with three drops on
different places of each substrate, and the minimum number
of substrates of each type was three. The water/air contact
angle was calculated as an average from all measurements
and the standard deviation was determined (based on at
least 9 independent measurements).

The test by Wilhelmy plate method was carried on the
polymer foils (15x20 mm). This method is suitable for calcu-
lating an average advancing and receding contact angles on
solids. Both sides of the solid must have the same proper-
ties. The wetting force on the solid is measured as the solid
is immersed in or withdrawn from a liquid of known surface
tension. When the sample is immersed, the buoyancy force
increases with the volume of the immersed sample and the
resulting force provides the advancing CA (6,). When the
sample comes up from the liquid, the resulting force provides
the receding CA (6R).
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FIG. 1. Water/air contact angles measured by the
optical method in dynamic conditions.
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FIG. 2. Water/air contact angles measured by the
dynamic Wilhelmy plate method.

Results

The contact angle measurement is an easy, an inex-
pensive and a fast method of the surface or the processes
characterization. Since biomaterials are used in an aque-
ous environment, these methods are very suitable for the
characterization of the biomaterial-water interface. The most
widely used methods are: drop sessile methods (a contact
angle goniometry (optical detection), a measurement of the
drop diameters) and a tensiometric method - the Wilhelmy
plate method.

Results of the wettability measurements obtained from
dynamic CA measurements are presented in FIGURES 1
and 2. The PBS/DLA sample exhibits the most hydrophobic
surface (the highest observed values of 6,and 6z) compared
to other groups. The PBS/DLA/PEG sample with 25 % wt.
of polyether shows similarity to PBS/DLA in terms of 6,
However, 6 is significantly lower than that of PBS/DLA what
indicates the presence of the hydrophilic PEG component on
this surface. In the case of the PBS/PEG surface with 50 %
wt. of polyether, both advancing and receding contact angles
were significantly lower compared to two previous polymers.
This phenomenon indicates that this material contains a
significant portion of the hydrophilic polyether component
affecting the decrease in both contact angle values.

The results obtained from both dynamic methods are
comparable, what makes possible to conclude, that the
surfaces of model spin-cast films can be used in studies
where pressed polymer foils cannot be applied (e.g. protein
adsorption studies).

The static optical method demonstrated a similar trend in
the decreasing of the overall surface wettability (the value
0) with the increasing content of the hydrophilic polyether
component as observed by dynamic methods, too. The
results together with the images of observed drops are
presented in the TABLE 2. However, it is worth to point
out, that in the case of the PBS/DLA/PEG surface, the
obtained overall value of 6 does not reflect the presence of
the hydrophilic PEG domains on the surface, as it can be
concluded from a decrease in 65 determined by dynamic
CA measurements.

TABLE 2. Static contact angles and representative

drops.

PBS/DLA

PBS/DLA/
PEG

PBS/PEG

-

Additionally, the changes of the contact angle with time
for the PBS/PEG surfaces with the highest content of the
hydrophilic polyether are shown in FIGURES 3 and 4.
The decrease in the observed 6 with the prolonged droplet-
sample contact time shows the strong interaction of water
with the hydrophilic domains present on the surface.
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Introduction

The modification of the biomaterial surface can be real-
ized by different methods, e.g.: using of hydrophilic/ hydro-
phobic monomers, that influence the chemical character of
the polymer surface, by an addition of micro- and nanofillers
to differentiate micro- and nanoroughness, as well as by
obtaining porous structure, that supports the cell adhesion
and mimic the natural tissue architecture [1]. All these modi-
fications influence other stage of implant-tissue interactions
and different part of the compatibility process.

It is recognized, that wettability, the chemical composition
and the surface roughness strongly influence the protein
absorption process that affect biological response and de-
termine the implant tolerance. These specific interactions
occur at the atomic level, in a very thin interface of less than
1nm in thickness [2], but determine the cell behavior and the
recognition of the polymer or other biomaterial surfaces.

In previous work, we presented the influence of titanium
dioxide (TiO,) in the poly(ethylene terephthalate)/dilinoleic
acid (PET/DLA) copolymer matrix on selected surface
properties. At very low concentration (0.2 and 0.4 wt%),
the nanofiller strongly influenced roughness and micro- and
nanotopography of the materials [3,4], what resulted in better
adhesion and spreading of the cells in comparison to the
unmodified material.

In this work we present the effect of two different nanofill-
ers, namely TiO, and CeO, on the surface wettability and
the results of preliminary studies on preparation of fibrin
networks on the prepared surfaces. Both of these oxides
are tested for biomedical applications and the examination
of their influence on protein-surface interaction will be helpful
in interpretation of in vitro and in vivo tests.

Experimental part

The water/air contact angle was determined by a sessile
drop under static conditions using the Contact Angle Measuring
System OCA_20 (Dataphysics, Germany). The samples were
prepared by spin-casting from 1% wt. solution of polymers in
chloroform on silanized glass substrates in dust-free chamber
at constant temperature 25°C. The measurements were
performed for 3 samples with five measurement points.

The dynamic Wilhelmy plate method (Tensiometer K12,
Kruss Germany) was carried on polymer foils (15x20 mm).
This method is suitable for calculating the average advancing
(6,) and receding (6g) contact angles (CA) on solids.

The surface plasmon resonance (SPR) instrument
based on the Kretschmann geometry of the attenuated
total reflection (ATR) method and spectral investigation of
SPR conditions was manufactured in the Institute of Radio
Engineering and Electronics, AS CR, Prague [6]. The thin
PET/DLA film (without the nanofiller, thickness of 20 nm)
was prepared by spin casting from 1% wt. solution of the
polymer in chloroform on sensing chips (SF, glass slides
coated by chromium layer (thickness of 2 nm) followed by
a gold layer (thickness: 50 nm) prepared by deposition in
vacuum). The chip with the polymer film was fixed in a four-
channel flow cell and the protein solutions (blood plasma,
human serum albumin (HSA), immunoglobulin G (IgG))
were pumped through the flow cell at a constant flow rate
with a peristaltic pump. The observed shifts in the resonant
wavelength, i.e. A, reflected changes in refractive index
of the medium at the sensor surface within penetration
depth of the SPR evanescent wave due to the attachment
of proteins to the chip surface (an increase or decrease in
the mass of immobilized proteins increases or decreases
kres, respectively) [7].

The polymer films for the protein modification were
prepared by spin casting on the silanized round-shaped glass
slides. The thin fibrin network on the thin polymer supports
was prepared according to [7]. Briefly, the fibrinogen solution
(20 mg/ml) was adsorbed on the surface and than treated
with thrombin (2.5 U/ml). Finally, a new solution of fibrinogen
(200 mg/ml) containing antithrombin (0.5 U/ml) and heparin
(60 mg/ml) was added. After two hours of incubation, a well
defined fibrin network was formed on the surface.

Results

As it was mentioned above, the presence of the nanofiller
increases the polymer surface roughness in the case of the
composites containing TiO,[3]. Despite of hydrophilic character
of titanium dioxide, the changes in static contact angles are not
significant (FIG. 2). This is probably connected with the fact that
after solvent casting of films, titanium dioxide nanoparticles are
covered by a thin layer of relatively hydrophobic polymer matrix.
This behavior is in a line with our previous work [8], where we
demonstrated that TiO, significantly affects the bulk properties
of PET/DLA nanocomposites what was verified by increase in
mechanical properties of TiO,-containing materials.

Nanocomposites were synthesized by
in-situ polycondensation in the presence of
TiO, or CeO, at two different concentrations,
i.e. 0.2 and 0.4 wt%. The obtained copoly-
mer of poly(ethylene terephthalate) as hard

( > cfofcwcr«%
o—C c—o—c»—«—c»—««]—}o—c 1l 272
+ I I R I o

o o o

segments (30 wt%) and dilinoleic acid as a
component of soft segments (FIG. 1) and

hard segment

soft segment

the nanocomposites were investigated to
evaluate the surface wettability and the protein
adsorption.

FIG. 1. The chemical structure of the PET/DLA copolymer.
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FIG. 2. Static contact angles of PET/DLA copo-
lymer spin-cast films with a different concentration
of TiO, and CeO, nanofillers.

Aslight difference is also observed for the advancing and
receding contact angles obtained by dynamic measurements
(FIG. 3). The addition of TiO, or CeO, nanofillers results in
negligible decrease in advancing and receding contact
angles, what confirms observations from the static method.
The most significant effect of the nanofiller on the increase
in wettability (largest decrease in advanced and receding
contact angles) is observed for the sample with 0.4 wt% of
CeO, (FIG. 3b).
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FIG. 3. The advancing (6,) and receding (6g) conta-
ct angles of PET/DLA copolymer follies with TiO,
(a) and CeO, (b) nanofiller.

FIG. 4. The SPR monitoring of the growth of
the protein layer (Blood plasma, human serum
albumin (HSA), immunoglubulinG (IgG) on the
PET/DLA copolymer film.

The results of SPR analysis (FIG. 4) showed that tested
proteins (blood plasma, HSA, IgG) adsorbed very fast on
the PET/DLA copolymer surface and that this adsorption
was irreversible.

SEM micrographs presented in FIG. 5 a-c clearly show
the fibrin network adhered on the PET/DLA polymer and
their nanocomposite surfaces. It can be noticed that fibrin
network is more dense and thicker for materials containing
nanoparticles, i.e 0.4 wt% TiO, (FIG. 5b) and 0.4 wt% CeO,
(FIG. 5c) as compared to the neat material (FIG. 5a).

Conclusions

Thin films of PET/DLA copolymer and their nanocompos-
ites were prepared by spin coating and the surface wetteabil-
ity was tested by static and dynamic methods. The results
of water conatact angle measuremens did not reveal noti-
cable differences in wettability for the neat copolymer and
their nanocomposites what can be axplained that relatively
hydrophilic titanium oxide and cerium oxide nanoparticles
could be covered by a thin film of a hydrophobic polymer
matrix during sample preparation. However, the presence of
nanoparticles, and in consequences, higher nanoroughness,
significantly affected the ability to fibrin network formation
after short time.
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Ce0O,, d) PET/DLA 0.4 wt% TiO, without fibrin network.
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BADANIA WLASCIWOSCI
MECHANICZNYCH SPIEKANYCH
BIOMATERIALOW NA BAZIE
TYTANU
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Streszczenie

Przy wykorzystaniu metod metalurgii proszkow
otrzymano szereg materiatow spiekanych na bazie
tytanu — potencjalnych biomateriatéw, bez toksycz-
nych dodatkéw glinu i wanadu. Wykonano badania
wtasciwo$ci mechanicznych otrzymanych materiatow.
Badano stopy tytanu: Ti-15Mo-2,8Nb i Ti-7,5Mo-2Fe
oraz materiaty kompozytowe na bazie tytanu z dodat-
kami 10% grafitu. Wyniki badan wytrzymatoSciowych
wskazujg, ze otrzymane biomateriaty charakteryzujg
sie dobrymi wtasciwos$ciami mechanicznymi. Materiaty
posiadajg odpowiednig wytrzymato$c¢ na Sciskanie i
Jjednoczesnie niskie wspotczynniki sprezystosci, co
Jest bardzo wazne w przypadku materiatow do zasto-
sowarn biomedycznych.

[Inzynieria Biomateriatow, 92, (2010), 11-13]

Wprowadzenie

Troska o poprawe jakosci zycia oraz poprawe jego
warunkow, a takze eliminowanie spotecznych skutkéw in-
walidztwa, staty sie jednymi z gtéwnych tematow dyskusji i
badan prowadzonych na catym $wiecie. Dziatania te wigza
sie zarowno z postepem w medycynie diagnostycznej i
klinicznej, jak rowniez z licznymi dokonaniami interdyscypli-
narnymi w wielu dziedzinach nauki i techniki [1-7]. Chirurgia
rekonstrukcyjna czy zabiegowa umozliwia naprawe tkanek
uszkodzonych w wyniku zmian chorobowych lub urazéw.
Sukces zabiegu rekonstrukcji zalezy od optymalnego doboru
cech uzytkowych implantu oraz wtasciwosci fizykochemicz-
nych materiatu przeznaczonego na implant. Dlatego bardzo
wazna role odgrywajg badania naukowe, prace techniczne i
wdrozeniowe dotyczace biomateriatéw [2,3]. Z praktyki kli-
nicznej wynika, ze najlepszymi materiatami implantacyjnymi
sq takie materiaty, ktére wykazujq sie m.in. dobrg odpornos-
cig na korozje jak tez zgodnoscig tkankowa czyli nietoksycz-
noscig i brakiem odczynow alergicznych. Poza tym materiaty
te powinny cechowaé¢ sie odpowiednimi wiasciwosciami
mechanicznymi oraz wysokg jakoscig metalurgiczng i jedno-
rodnoscig [1-7]. Nalezy rowniez wspomnie¢ o odpornosci na
zuzycie scierne, co ma miejsce np. w endoprotezach stawu
biodrowego [1-7]. Waznym czynnikiem sg rowniez koszty
wytwarzania i eksploatacji. Coraz szersze zastosowanie w
produkcji biomateriatéw znajdujg nowoczesne technologie,
takie jak wyciskanie hydrostatyczne czy metalurgia prosz-
kéw. Metalurgia proszkow pozwala na uzyskanie materiatéw
o korzystnych, specyficznych wtasciwosciach [8-10]. Takie
cechy materiatowe jak niski modut Young’'a czy obecno$¢
porowatosci sprawiajg, ze stopy charakteryzuja sie korzyst-
niejszymi cechami biofunkcjonalnosci w poréwnaniu ze
stopami wytworzonymi tradycyjnymi metodami. Metalurgia
proszkéw pozwala takze tworzy¢ materialy kompozytowe
z szerokg gamag wypetniaczy, ktére poprawiajg szereg
wtasciwoséci, np. tribologiczne czy mechaniczne [8-10].

INVESTIGATION OF MECHANICAL
PROPERTIES OF SINTERED TITANIUM-
BASED BIOMATERIALS

Piotr DePTULA, JAN R. DABROWSKI*, Bogustaw Hoscito

BiaLysTok UNIVERSITY OF TECHNOLOGY,
45C WIEJsKA STR., 15-351 BiALYsTOK, PoLAND
* E-MAIL: JRD@PB.EDU.PL

Abstract

With the use of powder metallurgy methods, a
number of titanium-based sintered materials were
obtained without toxic additives of aluminium or
vanadium — potential biomaterials. Experiments on
mechanical properties of the obtained materials were
carried out. Ti-15Mo-2.8Nb and Ti-7.5Mo-2Fe alloys,
as well as titanium-based composite materials with
10% of graphite added, were tested. The results of
strength tests indicate that the obtained biomaterials
are characterised by good mechanical properties.
The materials are appropriately resistant to com-
pression and yet they have low modulus of elasticity,
which is very important in the case of materials for
biomedical application.

[Engineering of Biomaterials, 92, (2010), 11-13]

Introduction

Concern for improving living conditions and quality of life,
as well as eliminating social implications of being disabled,
are among the main issues for discussions and research
conducted all over the world. Such activities are connected
both with progress in diagnostic and clinical medicine and
with numerous interdisciplinary achievements in many areas
of science and technology [1-7]. Reconstructive or interven-
tional surgery makes it possible to repair tissues damaged as
a result of lesions or injuries. A success of a reconstructive
intervention depends on an optimal selection of functional
characteristics of an implant and also of physicochemical
characteristics of the material which the implant is designed
to be made from. Thus, the role of scientific research as well
as technical and implementation work concerning biomateri-
als, is much significant [2,3]. Clinical experience proves that
the best implantation materials are materials which show,
among others, both good resistance to corrosion and good
tissue compatibility, i.e. they are non-toxic and do not cause
allergic reactions. Beside that, these materials should be
characterised by the right mechanical properties and a good
metallurgic quality as well as homogeneity. The needs for
resistance to abrasive wear which takes place e.g. in hip
joint endoprostheses [1-7]. Production and exploitation costs
also constitute important factors. Modern technologies in
production of biomaterials such as hydrostatic pressure
or powder metallurgy are more and more widely applied.
Powder metallurgy also makes it possible to obtain materi-
als of specific properties. Such properties as a low Young’s
modulus or material porosity ensure that alloys have better
biofunctional features when compared to alloys produced
in traditional ways. Moreover, powder metallurgy makes it
possible to create composite materials with a wide range of
fillers which improve tribological or mechanical properties of
materials [8-10]. In the present paper research of sintered
titanium-based implantation materials are shown.
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W pracy przedstawiono wyniki badan szeregu potencjalnych
biomateriatdbw na bazie tytanu, otrzymanych metodami
metalurgii proszkéw. Szczegdlna uwaga skupiona byta na
charakterystykach mechanicznych otrzymanych spiekéw.

Materiaty i metodyka badan

Probki wykonane byly metoda metalurgii proszkow.
Badano stopy tytanu Ti-15Mo-2,8Nb i Ti-7,5Mo-2Fe oraz
materiaty kompozytowe na bazie tytanu z dodatkami 10%
obj. grafitu. Proszki czystego tytanu o rozmiarze ziaren
ponizej 150 um, proszki molibdenu o rozmiarze ziaren
3-7 pum, proszki niobu o rozmiarze 1-5 ym, proszki zelaza
0 rozmiarze 1-5 pym oraz wypetniacz mieszane byly w
miynku kulowym przez 15 minut, a nastepnie prasowane
na zimno w matrycy pod ci$nieniem 600 MPa. Wypraski
spiekane byty w piecu rurowym w atmosferze ochronnej
przez 3 godziny w temperaturze 1230°C. Gotowe prébki
porowatych materiatéw implantacyjnych $ciskane byly na
maszynie wytrzymatosciowej INSTRON 8502, a nastepnie
analizowane byty krzywe $ciskania.

Wyniki i dyskusja

Na podstawie wykreséw $ciskania szacowano wspot-
czynniki sprezystosci materiatéw. Jak wynika z danych
zestawionych w TABELI 1, spieki stopow Ti-15Mo-2,8Nb
oraz Ti-7,5Mo-2F e charakteryzowaly sie zageszczalnoscig
rzedu 81%, lepsza niz kompozyty z dodatkiem grafitu i we-
glika tytanu. Wynika to z faktu, ze dodatki grafitu i weglika
tytanu polepszajg smarnos$¢ kompozycji proszkowej, a tym
samym obnizajg opory tarcia w procesach konsolidacji
proszkow. Dla kompozytéw z dodatkiem grafitu uzyskano
zageszczalnos¢ rzedu 91% bez dodatkowych zabiegéw
dogniatania spiekow.

TABELA 1. Wyniki gestosci wzglednej badanych
materiatléw (spiekanie w temperaturze 1230°C,
3 godziny).

TABLE 1. Comparative density results for the tested
materials (sintered at the temperature of 1230°C
for 3 hours).

Gestos¢ wzgledna

Prébka Comparative density
[%]
Ti-15Mo-2,8Nb 81,6
|| Ti-7,5Mo-2Fe 81 ||
| Ti+C il |

Test wytrzymatosciowy przeprowadzony byt przy sta-
tycznej prébie $ciskania. Przykladowy wykres zaleznosci
naprezenia i odksztatcenia przedstawiony zostat na RYS. 1.
Wyniki badan wytrzymatosciowych przedstawione zostaty w
TABELI 2. Przedstawione wyzej wyniki testéw wskazuja, ze
badane materiaty charakteryzuja sie dobrymi wtasciwoscia-
mi mechanicznymi. Posiadaja odpowiednig wytrzymatosé
na $ciskanie i jednoczesnie relatywnie niskie wspoétczynniki
sprezystosci, co jest bardzo wazne w przypadku materiatéw
do zastosowan biomedycznych. Materiaty wykazuja sie do-
bra plastycznoscig. Przetomy prébek po $cisnieciu (RYS. 2)
wskazujg, ze nie sa to materiaty kruche. Najwyzsze wartosci
parametréow wytrzymatosciowych ma materiat kompozytowy
z dodatkiem grafitu. W tym przypadku wptyw na wzrost
wiasciwosci mechanicznych ma interakcja grafitu z osnowg
tytanowa i powstanie umacniajgcych faz wtérnych.

Materials and research methodology

The samples were prepared with the powder metallurgy
method. Ti-15Mo-2.8Nb and Ti-7.5Mo-2Fe alloys, as well
as titanium-based composite materials with 10% of graphite
added, underwent testing. Powders of pure titanium of a
grain size of less than 150 pym, molybdenum powders of a
grain size of 3-7 uym, niobium powders of the size of 1-5 ym,
iron powders of the size of 1-5 ym were mixed together
with fillers in a ball mill grinder for 15 minutes and then
cold-pressed in the matrix at the pressure of 600 MPa.
The mouldings were then sintered in a pipe furnace in a
protective atmosphere for 3 hours at the temperature of
1230°C. The prepared samples of porous implant materi-
als were compressed with an INSTRON 8502 strength
testing machine and further the compression curves were
analysed.

Results and discussion

Asiitis illustrated in TABLE 1, after having been sintered
under the above conditions, the Ti-15Mo-2.8Nb and Ti-
7.5Mo-2Fe alloy sinters were characterised by compaction
of the order of 81%, while the composite sinters with the
addition of graphite and titanium carbide were character-
ised by a better compaction. This results from the fact that
such additives as graphite or titanium carbide have good
lubricating properties, which results in high compaction in
the process of pressing. For the composites with graphite
added, compaction of the order of 91% was obtained without
any additional burnishing of the sinters.

Resistance tests of sinters were carried out during
static uniaxial compressive test. Exemplary diagram of
deformation as a function of load obtained for the sinter
is presented in FIG. 1. The results of the strength tests
are presented in TABLE 2. Presented results indicate that
the implant materials under research are characterised by
good mechanical properties. They have both the appropri-
ate compression strength and relatively low modulus of
elasticity, which is much significant in the case of materials
for biomedical application. Materials show good ductility,
examples of compressed sinters are shown in FIG. 2.
The composite material with the addition of graphite has
the highest values of its strength parameters. In this case,
the increase in mechanical properties is influenced by the
interaction of graphite with the titanium warp and forming
strengthening secondary layers.
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RYS. 1. Przyktadowy wykres wytrzymatosciowy dla
spiekanego stopu Ti-15Mo-2,8Nb (Sciskanie).
FIG. 1. Typical stress-strain curve for sintered tita-
nium alloy Ti-15Mo-2.8Nb (compression test).
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Na RYS. 3 przedstawio-
no poréwnanie wiasciwosci
otrzymanego spiekanego
stopu tytanu z dodatkiem
molibdenu i niobu ze sto-
pami handlowymi szeroko
stosowanymi w chirurgii
kostnej. Wida¢ wyraznie,
ze otrzymany spiek cha-
rakteryzuje sie podobng

Materiat
Material

Rc
[MPa]

TABELA 2. Parametry wytrzymatosciowe badanych
materiatow.
TABLE 2. Strength parameters of the tested ma-
terials.

FIG. 3 shows the comparison of
the properties of the obtained sintered
alloy of titanium with the addition of
molybdenum and niobium to those
of commercial alloys widely used in
bone surgery. It is clearly visible that
the obtained sinter is characterised
with similar compression strength and
at the same time it has low Young's
modulus, which is indisputably very

Modut
Young'a
Modulus of
elasticity
[GPa]

Roo  Ag
[MPa] [%]

wytrzymatoscia na $ciska- ) favourable in the light of applying
nie i jednoczesnie znacznie Ti-15Mo-2,8Nb 824,66 381,00 | 19,29 68 sinters as implantation materials.
nizszym modutem Young'a Ti-7,5Mo-2Fe 940,00 506,00 | 20,00 72
- co jest niewatpliwie bar- i
420 korzysing w Swistle Ti+10% C 1200061000 [3000] 85 || Conclusions
zastosowania spiekow jako e i/ 950,00(860,00 (28,00 113 On the basis of the conducted tests
materialy implantacyjne.  [|(WWw.asm.matweb.com) it might be concluded that with the use
316L stainless steel 700,001 240 00| 40.00 193
(www.asm.matweb.com)| /%% ; ) of a of powder metallurgy method

Whioski

Na podstawie wykonanych badan mozna stwierdzi¢, ze
metodami metalurgii proszkdéw mozna wytworzy¢ spiekane
biomateriaty na bazie tytanu o dobrych wiasciwosciach
mechanicznych. Otrzymane spieki charakteryzujg sie po-
dobng wytrzymatoscig na $ciskanie i jednoczesnie niskimi
modutami Young’a - co jest niewatpliwie bardzo korzystne
w Swietle zastosowania tych spiekoéw jako materiatow im-
plantacyjnych w chirurgii kostnej. Wyniki badan wskazuja,
ze biomateriaty otrzymane metoda metalurgii proszkéw
moga przewyzszac pod wzgledem cech biofunkcjonalnych
handlowe materiaty lite.

RYS. 2. Przyktadowe proébki spiekéw po sciskaniu.
FIG. 2. Exaple of compressed samples.
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it is possible to produce titanium-
based sintered biomaterials of good mechanical properties.
The produced sinters are characterised by similar compres-
sion strength and at the same time they have low Young’s
modulus, which is unquestionably very favourable in the light
of applying these sinters as implant materials in bone sur-
gery. The test results show that biomaterials obtained with
the method of powder metallurgy might surpass commercial
solid materials with regard to biofunctional features.

Rc*[MPa)
R ;[MPa]
‘ A[%]
/ E [GPa]
Ti-15Mo-2,8Nb
Stal 316LV  Co-Cr-Mo Ti-6Al-4V

RYS. 3. Poréwnanie parametrow wytrzymatoscio-
wych otrzymanego stopu z materiatami handlowymi
stosowanymi w chirurgii kostnej.

FIG. 3. Comparison of strength parameters of the
obtained alloy to the strength of commercial mate-
rials used in bone surgery.
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[Inzynieria Biomateriatow, 92, (2010), 14-17]

Wprowadzenie

Zagadnienia eksploatacji biomateriatéw stanowig ak-
tualny problem inzynierski. Otoczenie tkanek i ptynow
ustrojowych stanowi srodowisko agresywne w stosunku do
metalicznych materiatéw implantacyjnych. W zwigzku z tym
stawia sie im szereg wymagan, gdzie oprocz odpowiednich
wilasciwosci mechanicznych, pojawia sie biofunkcjonalnos¢
i biotolerancja. Z biotolerancjg scisle wigze sie ich odpor-
nos¢ korozyjna. W wyniku korozji metalicznych materiatéw
implantacyjnych dochodzi do przechodzenia jonéw roztwa-
rzanego metalu do tkanek okotowszczepowych, co moze
powodowac réznego rodzaju powikfania, np. stany zapalne
czy odczyny alergiczne organizmu.

Wsrod materiatow metalicznych stosowanych obecnie do
wytwarzania implantéw tytan i jego stopy wyrézniajq sie wy-
sokg odpornoscig korozyjng w srodowisku tkankowym [1,2].
Dzieki temu sg one bardzo dobrze biotolerowane, co zostato
potwierdzone wieloletnimi obserwacjami klinicznymi.

Obecnie najszerzej stosowane w praktyce medycznej sg
stopy Ti6Al4V o dwufazowej strukturze (a + B) jak réwniez
czysty tytan. Zastosowanie czystego tytanu jest ograniczo-
ne ze wzgledu na zbyt stabe wtasciwosci mechaniczne.
W stopach ze wzgledu na wysokg toksycznos¢ wanadu,
a takze negatywny wptyw glinu na uktad nerwowy, dazy sie
do wyeliminowania tych pierwiastkéw stopowych i opraco-
wania nowych stopéw, w sktad ktérych wejda pierwiastki
biozgodne. Od szeregu lat obserwuje sie tendencje inten-
syfikacji badan stopéw o jednofazowej strukturze B charak-
teryzujacych sie lepszymi wiasciwosciami mechanicznymi
i wytrzymatosciowymi [3]. Jedng z konkurencyjnych metod
otrzymywania technicznych stopow tytanu jest metalurgia
proszkéw. Materiaty wykonywane tg metodg sq takze coraz
czesciej wykorzystywane do produkcji r6znego rodzaju
wszczepow implantowanych do organizmu cztowieka.
Metoda ta pozwala na otrzymanie stopéw o dowolnym skita-
dzie chemicznym i fazowym oraz réznorodnych materiatéw
kompozytowych [4,5].

Badania przedstawione w niniejszym artykule dotyczyty
oceny nowych stopow tytanu otrzymywanych metodg me-
talurgii proszkow.

Materiaty i metodyka badan

Materiaty zostaty wykonane metodg metalurgii proszkéw.
Na podstawie analizy literaturowej oraz doswiadczenh wtas-
nych wytypowano dwa stopy o osnowie bogatej w fazy B:
Ti7,5Mo2Fe, Ti15Mo02,8Nb oraz kompozyt na bazie tytanu
z dodatkiem grafitu (Ti + 10% C) [5,6].

ANALYSIS OF SELECTED
PERFORMANCE PROPERTIES
OF THE NEW TITANIUM ALLOYS
PREPARED BY POWDER
METALLURGY METHOD
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[Engineering of Biomaterials, 92, (2010), 14-17]

Introduction

Matters of biomaterials exploitation are current engi-
neering problem. Surrounding tissue and body fluid create
environment aggressive towards the metallic implant materi-
als. Therefore, several requirements are set according to
biofunctionality and biotolerance as well as proper mechani-
cal properties. Biotolerance is closely bound to corrosion
resistance. As a result of metallic implants corrosion, ions
from metal digestion migrate into surrounding tissues, pos-
sibly leading to various complications, such as inflammation
or allergic reactions.

Titanium and its alloys are distinguished among the
metallic materials currently used for implants production,
by high corrosion resistance in the tissue environment [1,2].
This makes them very acceptable in organisms, what was
confirmed with long-term clinical observations.

Recently Ti6AI4V alloy with two-phase structure (a + f3)
and pure titanium are most widely used in medical practice.
Application of pure titanium is limited because of poor me-
chanical properties. Alloys, due to vanadium high toxicity, as
well as negative effects of aluminum on the nervous system,
are sought to be cleared of these alloying elements as well
as new alloys, made up of the biocompatible elements, are
being developed. Tendency to intensify research on single-
phase {3 alloys have been observed for many years. These
alloys are characterized by better mechanical properties and
strength [3]. One of the competitive methods of obtaining
technical alloys of titanium is powder metallurgy method.
Materials made by this method are also frequently used to
produce various types of products implanted in the human
body. This method allows manufacturing alloys with various
chemical composition and phase structure, as well as a
variety of composite materials [4-6].

The research presented in this article concern the
evaluation of the new titanium alloys fabricated by powder
metallurgy method.

Materials and research methods

The materials have been made by the powder metallurgy
method. Based on the analysis of literature and our own
experience, two alloys with matrix rich in the 8 phase were
selected: Ti7.5Mo2Fe; Ti15Mo2.8Nb and composite based
on titanium with graphite (Ti + 10% C) [5,6].

Base material was a titanium powder with particle size up
to 150 ym. Molybdenum, niobium, iron, graphite powders
were used as alloying elements (FIG. 1). Mixtures of pow-
ders of suitable composition were prepared. Powders were
pressed at a pressure of 500 MPa and sintered in vacuum
at 1230°C for 3 h.



RYS. 1. Mikrofotografia proszkow uzytych do badan: a) tytan, b) grafit.
FIG. 1. Micrographs of used powders: a) titanium, b) graphite.

Materiatem bazowym byt proszek tytanu o ziarnistosci
do 150 ym. Jako dodatki stopowe wykorzystano proszki:
molibdenu, niobu, zelaza, grafitu (RYS. 1). Przygotowano
mieszaniny proszkéw o odpowiednim sktadzie chemicznym.
Proszki poddano prasowaniu pod cisnieniem 500 MPa i
spiekaniu w prézni w temperaturze 1230°C przez 3 h.

Analizowano mikrostrukture, twardos¢ uzyskanych ma-
teriatéw oraz oceniano odpornos¢ korozyjna.

Badania strukturalne wykonano na elektronowym mikro-
skopie skaningowym HITACHI S-3000 N. Pomiary twardosci
wykonano metodg Brinella, natomiast odporno$¢ korozyjng
badano potencjodynamicznie na urzadzeniu ATLAS 9933
ELEKTROCHEMICAL INTERFACE. Badania przeprowa-
dzono w ukfadzie elektrochemicznym trzyelektrodowym.
Elektrodg odniesienia w tym zestawie byta elektroda ka-
lomelowa. Biorgc pod uwage mozliwo$¢ ekranowania po-
wierzchni roboczej badanej elektrody, elektroda odniesienia
zostata umieszczona w szklanej rurce z kapilarg tuggina,
ktorg wypetniano nasyconym roztworem KCI. Elektrodg
pomochiczg w badaniu stanowita elektroda platynowa
wykonana z drutu platynowego, powierzchnia elektrody
pomocniczej wynosita ok. 220 mm? (S = 1rdl).

Wyniki badan i dyskusja

Charakterystyke otrzymanych materiatéw przedstawiono
w TABELI 1. Jak wida¢, najwieksza zageszczalnoscig cha-
rakteryzujq sie kompozyty z grafitem, co mozna ttumaczy¢
smarujgcym oddziatywaniem czastek grafitu podczas pra-
sowania proszkéw. Po spiekaniu gestos¢ wszystkich prébek
wzrosta. Przyczyng mogt by¢ zaréwno skurcz podczas spie-
kania, jak tez procesy dyfuzji dodatkéw stopowych do tytanu
i reakcje w stanie statym. W wyniku spiekania otrzymano
stopy bogate w faze B. Natomiast w strukturze materiatu
kompozytowego mozna wyrdzni¢ kilka faz: roztwor staty
wegla w tytanie, wegliki TiC powstate in situ na granicy faz
pomiedzy tytanem i grafitem oraz pozostatos¢ czystego gra-
fitu (RYS. 2,3).. Procesy dyfuzyjne pierwiastkéw stopowych
do osnowy tytanowej spowodowaty umocnienie materiatu.
Twardos¢é otrzymanych stopéw wynosi ponad 200 HB,
podczas gdy twardos¢ czystego tytanu - 130HB.

Ocena odpornosci korozyjnej

Jedng z najwazniejszych cech biofunkcjonalnych sto-
péw implantacyjnych jest ich odpornosc¢ korozyjna. Wyniki
badan korozyjnych otrzymanych stopéw przedstawiono na
RYS. 4 i w TABELI 2.

Microstructure and hardness of obtained materials were
analyzed, and corrosion resistance was evaluated.

Structural studies were performed on scanning electron
microscope HITACHI S-3000 N. Hardness was measured
by Brinell method, and corrosion resistance has been stud-
ied by controlled-current potentiometry on the measuring
device ATLAS 9933 ELEKTROCHEMICAL INTERFACE.
The studies were conducted in three-electrode electrochemi-
cal system. Reference electrode in this test matrix was a
calomel electrode. Taking into account the possibility of
shielding the surface of the test working electrode, reference
electrode was placed in a glass tube with Luggin capillary
filled with a saturated solution of KCI. Auxiliary electrode in
this studies was a platinum electrode made up of platinum
wire, its surface was approximately 220 mm? (S = mdl).

Test results and discussion

Characteristics of the obtained materials are shown in
TABLE 1. As one can see, the graphite composites are
characterized by the highest compactibility, which can be
explained by the lubricant interaction of particle graphite
during the pressing of powders. Density of all samples
increased after sintering. That could be caused either by
shrinkage during sintering, or the diffusion processes of the
alloying elements to titanium and the reactions in the solid
state. Alloys rich in 3 phase were obtained as a result of
sintering. However, in the structure of the composite material
several phases can be distinguished: a permanent solution
of carbon in titanium, carbide TiC formed in situ at the inter-
face between titanium and graphite, and a residue of pure
graphite (FIG. 2,3). The processes of diffusion of alloying
additives into titanium matrix led to the strengthening of the
material. Received alloys hardness is higher than 200 HB,
while the hardness of pure titanium is only 130HB.

TABELA 1. Charakterystyka otrzymanych spiekéw.
TABLE 1. Characteristics of obtained materials.

Gestos¢ wzgledna

Comparative density [%] ..
Prébka  Materiat  przed o fiardose
Sample  Material  spiekaniem spiekaniu 1B

before after

sintering  sintering

1 Ti7,5Mo2Fe 78,1 84,1 230,3

[ 2 [7i15M02,8Nb| 78,7 89 215 ||
L 3 Ti+10%C 84,4 91,3 220 ||
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RYS. 2. Mikrostruktura otrzymanych stopow: a) Ti7,5Mo2Fe, b) Ti15Mo2,8Nb.
FIG. 2. Microstructure of obtained alloys: a) Ti7.5Mo2Fe, b) Ti15Mo02.8Nb.

L
4: 0%
Lo

RYS. 3. Mikrostruktura kompozytu na bazie tytanu

z dodatkiem grafitu.

FIG. 3. Microstructure of composite based on

titanium with graphite.

Evaluation of corrosion resistance

Corrosion resistance is one of the most important features
of biofunctional implanted alloys. Corrosion test results of
obtained alloys are shown in FIG. 4 and TABLE 2.

Data obtained in similar conditions of test for implanted
commercial Ti6Al4V alloy was enclosed for comparison.
The characteristic area of the passivation in potentials from
-30 mV to 790 mV can be observed in the case of solid alloy.
Alloys Ti7,5Mo2Fe, Ti15Mo2,8Nb and composite Ti +10% C
produced by powder metallurgy method are characterized
by a less clear passivation range compared to the solid al-
loy Ti6AI4V. Current intensity in this area is systematically
increasing, which is characteristic for sintered materials
[7-11]. Sinter structure is full of pores which increase surface
of actual contact with electrolyte. In this situation it is hard to
assess actual surface of sinter, what prevents comparison
of current densities for sintered materials and solid alloy.
Therefore the values of current intensity were placed on the
ordinate axis. The nominal surface of all studied materials
was equal — 100 mm?2. It should be pointed that in the range
of potentials which occur in human organism as a result
of physiological processes (-90 to +40 mV), the current
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RYS. 4. Krzywe polaryzacji stopow tytanu.

FIG. 4. Polarization curves of titanium alloys.

for solid commercial alloy [12]. Only in the
case of composite material, the increase
of current intensity was observed, what
could be explained by composite mul-
tiphase structure influence on corrosion
processes.

In TABLE 2 corrosion potentials and
corrosion currents estimated with anode
and cathode curves section extrapolating
method using POL-99 are shown.

Obtained results indicate favorable cor-
rosion properties of new alloys prepared
by PM method, i.e. movement of corrosion
potential towards positive values in com-
parison to commercial alloy. Disturbances
can be observed in early stages of anode
polarization of alloys with molybdenum,
nickel and iron. Explaining the reason of
this phenomena need deeper analysis
of electrochemical processes in created
cell.
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Dla poréwnania zatgczono dane uzyskane w analogicz-
nych warunkach badan dla handlowego stopu implantacyjne-
go Ti6Al4V. W przypadku stopu litego mozna zaobserwowaé
charakterystyczny obszar pasywacji w zakresie potencjatow
od — 30 mV do 790 mV. Stopy Ti7,5Mo2Fe, Ti15Mo2,8Nb
oraz kompozyt Ti+10%C otrzymywane metodg metalurgii
proszkéw charakteryzujg sie mniej wyraznym zakresem
pasywacji w poréwnaniu z litym stopem Ti6Al4V. Nateze-
nie pradu w tym obszarze wzrasta systematycznie, co jest
zjawiskiem charakterystycznym dla materiatéw spiekanych
[7-11]. Nalezy zwrdci¢ uwage, ze spieki posiadaja pory w
strukturze, ktére zwiekszajg powierzchnie rzeczywistego
kontaktu z elektrolitem. W tej sytuacji trudno jest oszacowac
rzeczywistg powierzchnie spieku, co uniemozliwia poréwna-
nie gestosci pradu dla materiatéw spiekanych i litego stopu.
Dlatego tez na osi rzednych zostaty umieszczone wartosci
natezenia pradu. Powierzchnia nominalna wszystkich
badanych materiatéw byta jednakowa, wynosita 100 mm?2.
Nalezy zwrdci¢ uwage, ze w zakresie potencjatow, ktére
wystepujg w organizmie cztowieka i sg wynikiem procesow
fizjologicznych (-90 do +40 mV) natezenie pradu odczytane
z krzywych polaryzacji stopéw spiekanych (szczegolnie
Ti7,5Mo2Fe) jest znaczaco nizsze od wartosci pradu dla
litego stopu handlowego [12]. Jedynie w przypadku ma-
terialu kompozytowego zaobserwowano wzrost natezenia
pradu, co mozna ttumaczy¢ wptywem wielofazowe;j struktury
kompozytu na procesy korozyjne.

W TABELI 2 zestawiono wartosci potencjatéw koro-
zyjnych i pradéw korozji obliczone metodg ekstrapolacji
odcinkdw krzywych anodowej i katodowej z wykorzystaniem
programu POL-99.

Uzyskane wyniki wskazujg na korzystne wtasciwosci
korozyjne nowych stopéw otrzymanych metodg MP, o czym
Swiadczy przesunigcie potencjatu korozji w kierunku war-
tosci dodatnich w stosunku do stopu handlowego. Mozna
zaobserwowac zaktdcenia w poczatkowym etapie polaryza-
cji anodowej stopéw z molibdenem, niklem oraz zelazem.
Wyjasnienie przyczyny tych zjawisk wymagatoby gtebszej
analizy procesow elektrochemicznych zachodzacych w
powstatych ogniwach.

Podsumowanie

Celem prezentowanych badan byta ocena wybranych
wiasciwosci nowych stopow tytanu otrzymanych metodg
metalurgii proszkow.

Uzyskane materiaty charakteryzujg sie dobrg zagesz-
czalnoscia, wykazujg znaczny wzrost twardosci w poréw-
naniu z czystym tytanem. Badania potencjodynamiczne
wykazaty, ze obszar pasywacji materiatéw spiekanych jest
mniej wyrazny niz w przypadku handlowego stopu litego,
co jest zgodne z danymi literaturowymi. Natomiast przesu-
niecie potencjatu korozyjnego badanych spiekéw wzgledem
stopu Ti6AI4V Swiadczy o ich korzystnych wtasciwosciach
korozyjnych. Na podstawie uzyskanych wynikow mozna
stwierdzi¢, ze badane spieki moga by¢ atrakcyjnym mate-
riatem implantacyjnym.

Podziekowania

Praca finansowana ze $rodkow na nauke w latach 2007-
2010 jako projekt rozwojowy nr R15 034 02.

TABELA 2. Charakterystyka korozyjna badanych
materiatow.

TABLE 2. Corrosion characteristics of investigated
materials.

Sl Mator Bl 1WA

0 TIBAI4V - lity -267 0,0497

1 Ti7,5Mo2Fe 215 0,0222

2 Ti15Mo2,8Nb -186 0,0347

3 Ti+10%C -157 1,28
Summary

The aim of the presented studies was an evaluation
of selected properties of new titanium alloys prepared by
powder metallurgy method.

Obtained materials are characterized by good compact-
ibility and show significant increase in toughness in compari-
son to pure titanium. Potentiodynamical studies showed that
passivation area of sintered materials is less clear than that
of commercial solid alloy, same as in the literature. Whereas
movement of corrosion potential relatively to Ti6AI4V is the
evidence of its favorable corrosion properties. On the basis
of obtained results statement can be made that studied al-
loys can be attractive implant material.
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WPLYW STEZENIA JONOW
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Streszczenie

W pracy przedstawiono formowanie nanorurek
TiO, na stopie Ti-6AlI-7Nb w 1M H,PO, z dodatkiem
niewielkich ilosci jonéw fluorkowych. Na jako$c¢ otrzy-
mywanych przez anodowanie nanorurek wptywajg
parametry takie jak: potencjat, czas anodowania,
stezenie jonéw fluorkowych w roztworze, szybko$¢
narastania potencjatu, przy czym warto$ci dwdch
ostatnich parametrow wydajgq sie by¢ kluczowymi i
odpowiedzialnymi za morfologie oraz strukture otrzy-
mywanych warstw. W badaniach skoncentrowano
uwage na wplywie jondéw fluorkowych na przebieg
anodowania dwufazowego stopu implantowego (a+83)
Ti-6AIl-7Nb. Proces formowania polegaf na polaryzacji
probek do 20 V z szybkoScig narastania potencjatu
500 mV/s w 1M H,PO, z dodatkiem 0,2; 0,3; 0,4% wag.
HF, oraz utrzymaniu probki w tych warunkach przez
2h. W rezultacie otrzymano powierzchnie nanorurek o
Srednicach od 50 do 80 nm na fazie a oraz o grubszych
Sciankach na fazie 8. Proces elektrochemicznego
formowania obejmowat dwa etapy: pierwszy poten-
cjodynamiczny oraz drugi potencjostatyczny (20 V).
Podczas ich trwania zarejestrowano rozne charak-
terystyki pragdowe dla opisywanych stezen jonéw
fluorkowych. Z przeprowadzonych badan wynika jed-
noznaczna zaleznos$¢ pomiedzy najwyzszg wartoscig
pradu zarejestrowang w etapie potencjodynamicz-
nym a $rednicg nanorurek ofrzymywanych podczas
anodowania przy udziale 0,3% wag. HF, fakt ten jest
ttumaczony obecnoscig pierwiastkow stopowych oraz
transportem jonow w warstwie tlenkowey.

[Inzynieria Biomateriatéw, 92, (2010), 18-23]

Wprowadzenie

Tytan i jego stopy implantowe, gtéwnie Ti-6Al-7Nb lub
Ti-6Al-4V sg szeroko stosowane w chirurgii kostnej i stomato-
logii ze wzgledu na ich znakomite wtasciwosci mechaniczne
i chemiczne, odpornosc¢ korozyjng oraz biokompatybilnos¢
[1-3]. Procesy otrzymywania nanorurek TiO, wzbudzajg duze
zainteresowanie naukowcdéw [4], ze wzgledu na mozliwosé
ich stosowania do wykrywania gazéw oraz w fotokatalizie [5].
Podjeto préby formowania powierzchni nanorurek na
Ti-6Al-7Nb oraz sprawdzenia ich wtasciwosci pod katem za-
stosowan w medycynie: jako rusztowanie pod wzrost kosci
[6] oraz jako podtoze pod biosensory. We wczesniejszych
pracach autorzy opisujg anodowe formowanie nanorurek
na stopach tytanu takich jak Ti-6Al-7Nb [7], oraz Ti45Nb
[8], o niejednorodnej powierzchni powstatych w wyniku
wybidrczego rozpuszczania mniej stabilnych sktadnikow
stopowych i/lub réznych szybkosci reakcji na poszczegol-
nych fazach stopowych.

FLUORIDE CONCENTRATION
EFFECT ON THE ANODIC
GROWTH OF SELF ALIGNED
OXIDE NANOTUBE ARRAY ON
Ti-6Al-7Nb

AGNIESZKA KACZMAREK, 1ZABELA GLAZOWSKA,
ELzBIETA KRASICKA-CYDZIK*

UNIVERSITY OF ZIELONA GORA,

FAcuLTY oF MECHANICAL ENGINEERING

UL. LICEALNA 9, 65-417 ZiELoNA GORA, PoLAND
* E-MAIL: E.KRASICKA@)IBEM.UZ.ZGORA.PL

Abstract

The formation of nanotube oxide layers on Ti-6Al-
7Nb alloy in H;PO, acid solutions containing fluoride
ions is presented. Among several parameters influen-
cing the quality of nanotubes formed anodically such
as potential, time of anodizing, fluoride ions concentra-
tion and scan rate of polarization, particularly the last
two seem to be the most responsible for nanotubes
structure and morphology. The effect of fluoride ions
concentration on the morphology of nanotubes on the
two phase (a+pB) Ti-6Al-7Nb implant alloy has been
evaluated in our work. The formation of nanotubes
was performed by polarizing of the Ti-6Al-7Nb alloy
samples in 1M H;PO, containing 0.2, 0.3 and 0.4 wt%
HF to 20 V using scan rate 500 mV/s and then holding
them at that potential for further 2h in the same elec-
trolyte. Nanotubes of diameter ranging from 50 nm
to 80 nm, with thicker walls over B-phase grains than
over a-phase grains, were obtained. During the for-
mation process, which includes two stages: the first
potentiodynamic and the second potentiostatic (20 V),
different electrochemical behaviour was observed
in electrolytes of various fluoride concentration.
The clear relationship between the highest currents
and the biggest diameter of nanotubes for 0.3 wt% HF
containing electrolyte observed during the first stage of
anodizing is explained with regard to electrochemical
characteristics of alloying elements and transport of
electrolyte anions in oxide layers.

[Engineering of Biomaterials, 92, (2010), 18-23]
Introduction

Titanium and its implant alloys, mainly ternary alloys
of Ti-6Al-7Nb or Ti-6Al-4V, are widely used in biomedical
implants and dental fields due to their unique mechanical
and chemical properties, excellent corrosion resistance and
biocompatibility [1-3]. Recently, reports on the synthesis
of TiO, nanotubes have generated considerable scientific
interest [4], owing to their applications in gas-sensing and
photocatalysis [5]. Thus, for further improvement of their
unique properties for medical applications: particularly for
enhancement of bone in-growth [6] and biosensing, the na-
notube formation on the Ti-Al-Nb alloy and the morphology of
the obtained surface layer have been investigated. Reported
efforts to form anodic nanotube layers on Ti alloys such as
Ti-6Al-7Nb, TiAl [7], or Ti45Nb [8] showed the formation of
highly inhomogeneous surfaces due to selective dissolution
of the less stable phase and/or different reaction rates of
the different phases of the alloys.



Badajac powstawanie nanorurek w kwasie ortofo-
sforowym na Ti-6Al-7Nb przy ré6znym udziale jonéw HF,
skupiono sie na zaleznosci pomiedzy wielkosciami srednic
nanorurek a stezeniem jonéw fluorkowych/ szybkoscig na-
rastania potencjatu, ktére sg odpowiednie do rozpoczecia
tworzenia sie inicjujacych wzeréw na tytanie, co moze by¢
réwniez decydujace w przypadku formowania nanorurek
na Ti-6Al-7Nb.

Eksperyment

Prébki Ti-6Al-7Nb byty wytoczone z watka, polerowne
na papierach wodnych o ziarnistosci 400, 800, 1200, 2000,
oraz pascie diamentowej (6 um, 3 um, 1 ym). Nastepnie
prébki odttuszczano w ptuczce ultradzwiekowej w izopro-
panolu, metanolu i wodzie dejonizowanej oraz suszono
w azocie. Wszystkie wartosci pradowe byly rejestrowane
wzgledem nasyconej elektrody kalomelowej potgczonej z
uktadem kapilarg Luggina. Odlegto$¢ pomiedzy elektrodg
pomocniczg a robocza wynosita 20 mm, a powierzchnia
probki wystawiona na dziatanie elektrolitu to 0,785 cm?.
Do sporzadzenia roztworéw uzyto odczynnikéw cz.d.a., oraz
wody dejonizowanej. Jako elektrolit zostat uzyty roztwoér 1M
H,PO, z dodatkiem kwasu fluorowodorowego (0,2-0,3%
wag.). Probki byly anodowane przez 2h w 25°C przy réznym
udziale jonoéw fluorkowych przy uzyciu potencjostatu - gal-
wanostatu AutoLab PGSTAT 302N kontrolowanego przez
program Nowa 1.3. Otrzymane powierzchnie nanorurek
obserwowano i analizowano na elektronowym mikroskopie
skaningowym z emisja polowa (JEOL JSM 7600F) oraz na
rentgenowskim analizatorze sktadu EDS (INCA Oxford).

Wyniki i dyskusja

W pracy badano dwufazowy stop Ti-6Al-7Nb (RYS. 1)
zbudowany z ciemnej fazy a oraz jasnej fazy B. Analizy
EDS potwierdzity udziat glinu w fazie alfa oraz niobu w
fazie beta. Udziat faz w stopie to 78% fazy a i 22% (. Na
RYS. 2 pokazano typowy przebieg krzywych pradowych
zarejestrowanych dla obydwu etapéw anodowania Ti-6Al-
7Nb w 1M H,PO, zawierajagcym 0,3% wag. HF. Mozemy
obserwowac polaryzacje od wartosci potencjatu korozyjnego
do 20 V z szybkoscig 500 mV/s w etapie potencjodyna-
micznym oraz utrzymywanie polaryzacji 20 V przez 2h w
etapie potencjostatycznym. Podobne przebiegi krzywych
polaryzacyjnych zaobserwowano podczas anodowego
otrzymywania nanorurek na tytanie i innych metalach [9].
Poréwnujac etap potencjodynamiczny wzrostu potencjatu do
20 V dla anodowania tytanu [10] z uzyskanym przy Ti-6Al-
7Nb, w przypadku stopu obserwujemy dwa piki: pierwszy
okoto 2-3 V zwigzany z wydzielaniem tlenu oraz drugi okoto
4-6 V zwigzany prawdopodobnie z utlenianiem aluminium.
Poréwnujac etapy potencjostatyczne w przypadku stopu
obserwujemy spadek pradu az do konca trwania ekspery-
mentu, natomiast dla tytanu do 900 s obserwujemy szeroki
pik wzrostu i spadku wartosci pragdowych. Obserwowany pik
jest typowy dla potencjostatycznego etapu anodowania tyta-
nu [9,10], przedstawia on konkurencje miedzy utlenianiem i
rozpuszczaniem tlenku po ktérej nastepuje ustabilizowanie
obu proceséw kluczowe dla formowania jednorodnych
nanorurek [11]. Krzywe polaryzacyjne dla anodowania
Ti-6Al-7Nb w 1M H,PO, zawierajgcym 0,2%, 0,3%, oraz
0,4% HF (RYS. 3) przybierajg rézne przebiegi i wartosci
dla kolejnych zawartosci jonéw fluorkowych w roztworze.
Najwyzsze wartosci pradu zostaty zarejestrowane przy 0,3%
wag. HF. Ponadto, gdy dla stezen 0,2% i 0,4% najwyzszy
pik zaobserwowano przy 4 V, dla stezenia 0,3% wag. HF
ten pik wystepuje przy 6 V.

Studying the nanotubes growth on the Ti-6Al-7Nb alloy
by varying the HF concentrations in the phosphoric acid
media, we have focused on the pore size distribution and the
estimation of the critical scan rate/concentration ratio for the
initiation of pitting in compact oxide layer on titanium, which
would be decisive for the formation of uniform nanotubes
on Ti-6Al-7Nb.

Experimental

The titanium alloy Ti-6Al-7Nb samples were cut off from
roller, ground with 400, 800, 1200, 2000-grid Si-C papers
and polished with diamond paste (6 um, 3 um, 1 ym ). The
samples were then degreased by sonication in methanol,
isopropanol, and DI water and dried in nitrogen stream.
An approximate 1000 mL, homemade three-electrode cell
was used with a saturated calomel reference electrode
(SCE) connected to the cell via a salt-bridge with a Luggin
capillary. All potential values in this work were recorded
with respect to the SCE. The distance between anodic and
cathodic electrodes was 20 mm and the surface area of the
anodic electrode exposed to the electrolyte was 0.785 cm?.
Aqueous solutions used in this work were prepared with
twice distilled and deionized water and certified analytical-
grade reagents. Hydrofluoric acid (0.2-0.4 wt%) aqueous
mixtures with 1M H,PO, were used as electrolytes. The
specimens were anodized at 25°C for 2h under different
anodization conditions of fluoride concentration using an Au-
toLab electrochemical instrumentation system consisting of
a model PGSTAT 302N potentiostat/galvanostat equipped,
which was controlled by the Nova 1.3. The morphologies
of anodized samples were examined with a Field Emission
Scanning Electron Mikroscope JEOL JSM 7600F and EDS
analysis of the surface nanotubes was performed with X-ray
EDS micro-analyzer INCA (Oxford).

Results and discussion

The two phase implant alloy Ti-6Al-7Nb (FIG. 1) stud-
ied in this work consists of black a phase and white B
phase irregular shape platelets forming variously oriented
colonies. The EDS investigation revealed enrichment of
aluminium in a phase and niobium in 8 phase. The surface
fraction of a and B phases is 78% and 22%, respectively.

RYS. 1. Charakterystyka metalograficzna powie-
rzchni Ti-6Al-7Nb uzytego do badan.

FIG. 1. Metallurgical characterization of the Ti-6Al-
7Nb alloy used in the study.
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RYS. 2. Przebieg krzywych pradowych zarejestrowanych podczas anodowania stopu Ti-6Al-7Nb oraz tytanu
(dla poréwnania) przy 20 V w 1M H,PO, zawierajacym 0,3% HF (szybkos¢ narastania potencjatu w etapie po-
tencjodynamicznym 500 mV/s).

FIG. 2. Current transient for potentiodymic and potentiostatic stages recorded at anodizing the Ti-6Al-7Nb alloy
and titanium (for comparison) at 20 V for 2h in 1M H,PO, containing 0.3% HF (scan rate in the potentiodynamic
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stage 500 mV/s).

Na RYS. 4 obserwujemy powierzchnie stopu po ano-
dowaniu w 1M H,PO,+ 0,2-0,4% wag. HF w 20 V przez
2h z szybkoscig narastania potencjatu 500 mV/s. Przy
anodowaniu w 0,2% wag. HF na ziarnach fazy B obser-
wujemy mate pory, na ziarnach fazy a regularne nanorurki
(RYS. 4a,b). Nieregularne nanorurki na fazie beta oraz
regularne na fazie alfa obserwujemy po anodowaniu w
0,3% wag. HF (RYS. 4c,d). Obie fazy pokryte regularnymi
nanorurkami obserwujemy po anodowaniu w 0,4% wag. HF
(RYS. 4e,f) jednak nanorurki na fazie beta majg grubsze
$ciany niz te na fazie alfa.

0 5 10 15 20
Potential [V]

RYS. 3. przebieg krzywych pradowych zarejestro-
wanych podczas anodowania stopu Ti-6Al-7Nb
przy réznych stezeniach jonéw fluorkowych,
a) 0,2% HF, b) 0,3% HF, c) 0,4% HF.

FIG. 3. Current transients recorded during poten-
tiodynamic stage of anodizing of the Ti6AI7Nb
alloy in 1M H,PO, with different fluoride concen-
tration, a) 0.2% HF, b) 0.3% HF, c) 0.4% HF.

FIG. 2 shows the typical current transients recorded during
the anodizing of the Ti-6Al-7Nb alloy in 1M H,PO, containing
0.3 wt% HF: The whole treatment consists of the potentiody-
namic polarization from the OCP to 20 V with a scan rate of
500 mV/s, followed by the potentiostatic polarization at 20 V
for further 2h. Similar current transients to potentiodynamic
and potentiostatic polarization were observed during nano-
tube oxide layers formation on other metals, including also
titanium [9]. However, contrary to constant current density
increase observed at anodizing of pure Ti [10], during the
potentiodynamic sweep to 20 V at the alloy Ti-6Al-7Nb ano-
dizing the current transients show 2 peaks: the first at about
2-3 V due to oxygen evolution and the second at about 4-6 V
linked probably to Al oxidation in the potentiostatic stage of
anodizing the current density for the alloy decreases until
the end of the treatment, while in the case of Ti a broad
peak is seen at about 900 s of the anodizing (FIG. 2).
According to [9,10] the broad peak, typically recorded in
the potentiostatic stage of the process, indicates the dis-
solution of oxide before reaching final balance between
both processes: oxide formation and oxide dissolution
during nanotubes formation. Such the balance determines
a steady-state oxide layer formation stage during anodiz-
ing of metals [11]. The detailed insight into the polarization
curves for the Ti-6Al-7Nb alloy in 1M H,PO, containing 0.2,
0.3 and 0.4 wt% HF (FIG. 3) shows different electrochemical
behavior of the alloy depending on the amount of fluoride
in anodizing electrolyte. The highest current density values
were recorded for the samples anodized in the electrolyte
containing 0.3 wt% HF. Moreover, whereas peaks for 0.2
and 0.4 wt% HF were recorded at 4 V, the peak for 0.3 wi%
HF was shifted positively to 6 V. FIG. 4. shows nanotube
oxide arrays on titanium alloy samples anodized in 1M
H,PO,+0.2-0.4 wt% HF at 20 V for 2h with scan rate 500
mV/s. Small pits on 8 phase grains and regular nanotubes
on a-phase are observed in 0.2 wt% HF (FIG. 4a,b). Irregu-
lar tubes on B-phase and regular tubes on a-phase grains
are seen after anodising in 0.3 wt% HF (FIG. 4c,d). Both
phases are covered with regular nanotubes in the case of
samples anodised in 0.4 wt% HF (FIG. 4e,f), but on B-phase
nanotube walls are thicker than on a-phase.



RYS. 4. Obrazy SEM powierzchni nanorurek na Ti-6Al-7Nb (a, c, e - faza a; b, d, f - faza B)
otrzymanych przez anodowanie przy 20 V przez 2h w 1M H,PO, zawierajacym (a),(b) 0.2% HF;

(c),(d) 0.3% HF; (e),(f) 0.4% wag. HF.

FIG. 4. SEM images of nanotubes produced on the Ti-6Al-7Nb (a, c, e a-phase; b, d, f B-phase)
by anodization at 20 V for 2h in 1M H,PO, containing (a),(b) 0.2% HF; (c),(d) 0.3% HF; (e),(f)

0.4% wt. HF.

Wyniki analizy EDS (TABELA 1) powierzchni nanorurek
na Ti-6Al-7Nb pokazuja, ze warstwa tlenkowa sktada sie z
TiO,, z niewielkimi ilosciami Ti,O,, oraz tlenku glinu i niobu.
Glin oraz niob sg obecne w postaci najbardziej stabilnych
tlenkéw Al,O, oraz Nb,O, [12]. RYS. 5 przedstawia zalez-
nos¢ pomiedzy zawartoscig jonéw fluorkowych w kwasie
ortofosforowym, Srednicg nanorurek, oraz ostatnig wartoscig
pradu zarejestrowang dla etapu potencjodynamicznego.
Najwyzsze wartosci pradowe (RYS. 2 i 5) i ich zwigzek z
najwiekszymi $rednicami nanorurek byty zaobserwowane
réwniez dla tytanu anodowanego w tych samych warun-
kach [13].

EDS analysis of nanotubes formed on the Ti-6Al-7Nb
alloy showed that those films are predominately TiO,
with small amounts of Ti,O,;, Al or Nb oxides (TABLE 1).
Aluminium and niobium were present in their most stable
oxidation states, Al,O, and Nb,O,. The amount of alloying
elements in the nanotube oxide layer was influenced by the
underlying metal microstructure, where Nb was present in
the B-phase and Al in the a-phase [12]. In FIG. 5 the relations
between fluoride ions concentration in phosphate electrolyte,
nanotube diameters and current density values at the end
of potentiodynamic stage of polarization, are illustrated.
The highest current density (FIG. 2 and 5) is linked to the
biggest nanotube diameters, as it was observed in case of
pure titanium anodised in the same conditions [13].
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TABELA 1. Wyniki analizy EDS powierzchni nanorurek otrzymywanych przez anodowanie przy 20 V przez 2h w
1M H,PO, zawierajacym 0,2; 0,3; 0,4% wag. HF.
TABLE 1. Results of EDS analysis of nanotube layers obtained by anodizing at 20 V for 2h in 1M H,PO, containing
0.2; 0.3; 0.4 wt% HF.

Fluoride 0.2% HF 0.3% HF 0.4% HF .
concentration [weight %] [weight %] [weight %] Compact oxide
[weight %]
Phases a B a B a B
Titanium 63.90 51.66 61.39 35.70 59.52 38.59 69.22
Oxygen 32.09 36.66 34.44 4543 36.40 44.99 19.72
Aluminium 4.00 2.91 417 2.69 4.08 1.99 4.45
Niobium - 8.77 - 16.18 - 14.43 6.53

Elektrochemiczne zachowanie niobu jest podobne do
tytanu [11,15]. Anodowanie niobu prowadzi do powstawania
w pierwszej kolejnosci NbO i NbO, przy potencjale korozyj-
nym, ktére nastepnie przy potencjale 20 V przeksztatcajg
sie w Nb,O; zgodnie z réwnaniami 1-3 [16,17]:

Nb + H,0— 2" — NbO + 2H* 1)
NbO + H,0 — 2e- — NbO, + 2H* @)
2NbO, + H,0 — 2e- — Nb,O, + 2H" 3)

Proces rozpuszczania warstwy tlenkowej niobu (faza B)
staje sie bardziej intensywny wraz ze wzrostem stezenia
HF [18], wiec stezenie jonow fluorkowych jest kluczowym
czynnikiem dla formowania nanorurek na Ti-6Al-7Nb. For-
mowanie nanorurek jest poprzedzone tworzeniem matych
wzerdw i porow w tlenku, i proces ten zachodzi efektywniej w
wyzszych wartosciach pragdowych. Dodatek 0,3% wag. HF w
1M H;PO, oraz szybkos¢ narastania potencjatu 500 mV/s sg
najodpowiedniejsza kombinacjg czynnikéw do uzyskania op-
tymalnej rwnowagi pomigdzy utlenianiem i rozpuszczaniem
tlenku prowadzaca do powstawania regularnych nanorurek
na fazie alfa badanego stopu. Zaobserwowana zaleznos¢
pomiedzy najwyzsza wartoscig pradowg w pierwszym eta-
pie anodowania a najwiekszymi srednicami przy stezeniu
0,3% wag. HF spowodowana jest zwiekszong dyfuzjg jonéw
fluorkowych w kierunku warstwy tlenkowej. Jak opisywano
wczesniej [6-8] anodowanie dwufazowych stopdw prowadzi
do powstawania formowania niejednorodnych powierzchni
tlenkowych poprzez wybidrcze rozpuszczanie mniej stabil-
nej fazy lub rézng reaktywnoscig sktadnikow stopowych.
Potwierdza to RYS. 4, na ktérym na fazie beta obserwujemy

Due to chemical similarity of titanium and niobium [11,15]
electrochemical behaviour of the Ti-6Al-7Nb electrode
should be qualitatively similar to that of the titanium and
niobium electrodes. Electrochemical oxidation of niobium
electrode leads to formation of sub-oxides NbO and NbO,
at the OCP, which partly transform into Nb,O; oxide at 20 V,
according to the equations 1-3 [16,17]:

Nb + H,0— 2~ — NbO + 2H* 1)
NbO + H,0 — 2e- — NbO, + 2H" )
2NbO, + H,0 — 2e- — Nb,O, + 2H* 3)

The dissolution process of niobium oxide (B-phase) (3)
increases with increasing fluoride concentration [18], so
the fluoride concentration is a crucial factor for nanotubes
growth on Ti-6Al-7Nb. Under anodic polarisation niobium
oxide films grow in conditions of high field [15]. The initial
stage of anodising must be followed by the generation of
small pits on oxide and the process is more likely at higher
currents achieved. It explains two observed features of the
obtained nanotubes; their biggest diameters and the highest
concentrations of fluorides in surface layer. The addition of
0.3 wt% HF into 1M H,PO, supporting electrolyte at anodiz-
ing with the applied scan rate (500 mV/s) proves to be the
most favourable combination of both anions for setting up
the conditions of optimal oxidation/dissolution equilibrium for
the anodizing of a-phase grains. The clear relation between
the highest currents during the first stage and the biggest
diameters of nanotubes observed for 0.3 wt% HF containing
electrolyte is explained with regard to easier transport of
fluoride ions in oxide layers. As reported previously, anodiza-

tion of two-phase alloys [6-8] re-
sulted in the formation of highly
inhomogeneous surfaces due to
selective dissolution of the less
stable phase and/or different
reaction rates of the different
phases of the alloys. This is con-
firmed by our results in FIG. 4,
where the B-phase grains are
partially attacked with nanotube
diameters smaller, and the re-
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RYS. 5. Wykres zaleznosci pomiedzy wartosciami pradu podczas
anodowania w 20 V a srednica nanorurek otrzymywanych na
Ti-6Al-7Nb przy réznych stezeniach jonow fluorkowych.

FIG. 5. Relationship between fluoride concentration, the current
densities recorded at 20 V and nanotube diameters obtained for
the Ti-6Al-7Nb alloy in 1M H,PO, with different fluoride concen-

of self-organized anodic oxide
nanotube layers on alloys are
crucial for medical application
to the advanced techniques of
biological media immobilization
which require morphologically
uniform surface.
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Uzyskane wyniki anodowania Ti-6Al-7Nb potwierdzajg
zalezno$¢ pomiedzy morfologig otrzymanych powierzchni
nanorurek TiO, a stezeniem jonow fluorkowych w roztworze.
Zawarto$c¢ jonow fluorkowych powoduje rézna reakcje elek-
trochemiczng na obu fazach stopu. Obserwujemy powsta-
wanie regularnych nanorurek na obu fazach przy zawartosci
0,4% wag. HF w 1M H,PO, obserwujac wiekszg grubosé
$cianki na fazie B. Przy 0,2% wag. HF w 1M H,PO, obser-
wujemy regularne nanorurki na fazie a, oraz niewielkie pory
na fazie beta. Najwieksza $rednice nanorurek na fazie alfa
zaobserwowano po anodowaniu w 1M H,PO, z dodatkiem
0,3% wag. HF przy szybkosci narastania potencjatu 500
mV/s w etapie potencjodynamicznym procesu anodowania.
Te warunki zapewniajg najwieksza koncentracje jonoéw fluor-
kowych przy powierzchni warstwy nanorurek zawierajacych
tlenki niobu. Uzyskane warstwy powinny zwiekszy¢ adhezje
osteoblastéw na powierzchni implantu.
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Conclusions

Depending on fluoride ion concentrations in anodizing
electrolyte morphologically different nanotubular layers
have been obtained on Ti-6Al-7Nb implant alloy. The elec-
trochemical behavior of both phases of the alloy differs due
to fluoride concentrations. Self organized nanotubes are
created on both phases (a and 8) in 1M H;PO, containing 0.4
wt% HF, though smaller pore size and thicker wall tubes are
obtained on the 8 phase. For 0.2 wt% HF in 1M H,PO, solu-
tion only a phase shows clear nanotubular structure, while
the B phase grains are not attacked. Uniform nanotubes
with the biggest diameter are obtained on a phase grains
of the alloy in 1M H;PO, containing 0.3 wt% HF at scan rate
of polarization 500 mV/s during potentiodynamic stage of
anodizing. Such conditions assure the highest fluoride con-
centration in surface layer of nanotubes containing niobium
oxide. Both features promise a proper coating for improved
osteoblast cell adhesion on artificial implants.

Acknowledgement

This work was supported with funding from the Polish
Ministry of Science and Higher Education under the N507
082 31/2009 project.

References

[11] E. Krasicka-Cydzik, The formation of thin anodic layers on tita-
nium and its implant alloys in phosphoric acid solutions, University
of Zielona Gora Press, 2003, ISBN 83-89321-80-7.

[12] M. Metiko$-Hukovi¢ et al, Biomaterials 2003; 24, 3765-3775.
[13] E. Krasicka-Cydzik, |. Glazowska, A. Kaczmarek, K. Bialas-
Heltowski, Engineering of Biomaterials, 2008; 77-80, 46-48 and
48-51.

[14] J. Halbritter, Applied Physics, 1987, A 43, 1-28.

[15] I. Sieber, H. Hildebrand, A. Friedrich, P. Schmuki, Electrochem.
Comm. 2005; 7, 97-100.

[16] M.B. Freitas, L. Bulhoes, J. Appl. Electrochem, 1997; 27,
612-615.

[17] K.E. Heusler, M. Schultze, Electrochemica Acta, 1975, 20,
237-244.

[18] G.A. EI-Mahdy, Thin Solid Films, 1997; 307, 141-147.

[19] De-Sheng Kong, Langmuir 2008, 24, 5324-5331.

[20] H. Tsuchiya, T. Akaki, J. Nakata, D. Terada, N. Tsuiji, Y. Koizumi,
Y. Minamino, P. Schmuki, S. Fujimoto, Electrochim. Acta, 2009,
doi:10.1016/j.electacta.2009.02.038.

23

BI® MATERIALS



24

BI® MATERIALS

POROWNANIE POWLOK HA
OTRZYMANYCH W METODZIE
HYDROTERMALNEJ 2
ROZTWORU ZAWIERAJACEGO
EDTA-Ca*-PO,* LUB ROZTWORU
HANKA NA CZYSTYM Ti I Ti
IMPLANTOWANYM JONAMI Ca
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Streszczenie

W celu otrzymania biozgodnej i bioaktywnej war-
stwy, ktéra poprawi integracje protezy stawu biodro-
wego z koScig, przy uzyciu metody hydrotermalnej
formowano hydroksyapatyt Ca,,(PO,)s(OH),, HA na
podfozach z czystego tytanu oraz tytanu implantowa-
nego jonami Ca. Do syntezy HA uzyto dwdch réznych
roztworéw: jednego zawierajacego EDTA, jony wapnia
i fosforu oraz drugiego, ktérym byt roztwér Hanka,
ktérego skitad i stezenie soli sg podobne do sktadu i
stezenia soli osocza krwi ludzkiej. Budowe czgstecz-
kowaq tak otrzymanych warstw okre$lono przy uzyciu
mikrospektroskopii ramanowskiej.

W artykule dyskutowana jest efektywnos¢ for-
mowania HA w tych roztworach przy uzyciu metody
hydrotermalnej i wptyw stanu podfoza na procesy
osadzania HA.

Stowa kluczowe: hydroksyapatyt, synteza hydro-
termalna, mikrospektroskopia Ramana, implantacja
jonowa Ca

[Inzynieria Biomateriatow, 92, (2010), 24-29]

Wprowadzenie

Hydroksyapatyt Ca,,(PO,)s(OH), (HA) jest mineralnym
skfadnikiem kosci, wiec jego biozgodnosc jest doskonata [1].
Dlatego syntetyczny HA posiada liczne zastosowania biome-
dyczne, zardwno w ortopedii jak i stomatologii [2]. Z powodu
stabych wiasciwosci mechanicznych [3] HA nie moze by¢
stosowany samodzielnie jako materiat na implanty. HA jest
wiec stosowany jako materiat pokryciowy na protezach
metalowych wykonanych np. z tytanu czy jego stopow.
Tytan jest jednym z najczesciej stosowanych materiatow do
produkcji endoprotez. Sam tytan jest materiatem biozgod-
nym [4], ale jego osteointegracja jest stosunkowo staba w
poréwnaniu do materiatéw zawierajgcych fosforan wapnia.
Dlatego uzycie powtok HA na implantach Ti moze zreduko-
wac ryzyko przedwczesnego poluzowania sie protezy.

Stosuje sie rézne metody formowania powltok HA na
Ti i jego stopach: napylanie plazmowe [2,3,5-8], metody
hydrotermalne [1,9-20], metody jonowe (implantacja jono-
wa [4,21], napylanie jonowe [21], mieszanie jonowe [22]),
metody chemiczne (np. zol-zel [23]), ablacja laserowa czy
pulsowe osadzanie laserowe (PLD) [3,25]).

Metody jonowe [4,21,22] pozwalajg otrzymaé warstwy o
grubosci kilkudziesieciu nm do kilku pm, stosunku zawartosci
Ca/P zblizonym do sktadu chemicznego naturalnego

COMPARISON OF HA COATINGS
OBTAINED BY HYDROTHERMAL
METHOD USING EDTA-Ca*-

PO,> SOLUTION OR HANK’S
SOLUTION ON PURE Ti AND ON Ti
IMPLANTED WITH Ca IONS

A. STrRzALA*, B. PETELENZ, J. KwIATKOWSKA, B. RAJCHEL

INsTITUTE OF NUCLEAR PHYSICS,
RADzIkowskIEGO 152, 31-342 Krakow, PoLAND
* E-MAIL: ALICJA.STRZALA@IFJ.EDU.PL

Abstract

In order to obtain a biocompatible and bioactive
coating that improves hip joint endoprosthesis integra-
tion with bone, hydroxyapatite Ca,,(PO,)s(OH),, HA,
was formed on pure titanium and Ca ions implanted
titanium substrates using hydrothermal method.
To synthesize HA two different solutions were used:
one containing EDTA, calcium and phosphorus ions,
and the other which was Hank’s solution whose salt
composition is similar to the human blood plasma.
The molecular composition of as deposited coatings
was investigated by means of Raman micro-spec-
troscopy.

The effectiveness of the solutions in HA forming
by the hydrothermal method and the influence of the
Substrate condition are discussed.

Keywords: hydroxyapatite, hydrothermal synthesis,
Raman micro-spectrometry, Ca ion implantation

[Engineering of Biomaterials, 92, (2010), 24-29]

Introduction

Hydroxyapatite Ca,,(PO,)s(OH), (HA) is the mineral bone
component, so, its biocompatibility and bioactivity is excel-
lent [1]. That is why synthetic HA has numerous biomedical
applications, both orthopaedic and dental [2]. Due to its
poor mechanical properties [3] HA cannot be used as a bulk
implant material. HA is therefore used as a coating material
on metallic implants, such as titanium and its alloys. Titanium
is one of the most widely used materials in endoprosthesis
fabrication. Titanium itself is a biocompatible implant material
[4], but its osseointegration is relatively poor, as compared to
calcium phosphate materials. Therefore using HA coatings
on Ti implants may reduce the risk of premature loosening
of the prosthesis.

There are different methods used for forming HA coatings
on Tiand its alloys: plasma spraying [2,3,5-8], hydrothermal
methods [1,9-20], ion methods (ion implantation [4,21], ion
sputtering [21], ion mixing [22]), chemical methods (i.e. sol-gel
[23], laser ablation or pulsed laser deposition (PLD) [3,25]).

lon methods [4,21,22] enable obtaining coatings which
are several tens of nm to several um, Ca/P ratio close to
the chemical composition of natural hydroxyapatite, but
they require using commercial HA powders or plates.
Also by laser ablation deposition [3,25] as initial material
commercial HA powders should be used, and coatings
obtained reach the thickness of several um. Chemical
methods [23], as well as hydrothermal method [1,9-20], en-
able obtaining of HA simple and relatively cheap reagents.



hydroksyapatytu, wymagajg jednakze uzycia komercyjnie
dostepnych proszkow i ptytek HA. Podobnie przy osadzaniu
metoda ablacji laserowej [2,25] jako materiatu wyjSciowego
nalezy uzy¢é komercyjnych proszkéw HA, a otrzymane w
tym procesie warstwy osiggajg grubos¢ kilku um. Metody
chemiczne [23], podobnie jak metoda hydrotermalna [1,9-
20] pozwalajg na uzyskanie HA z prostych i stosunkowo
niedrogich reagentow. Najczesciej jednak metody te sg
stosowane do otrzymania proszkéw HA, wykorzystywanych
do formowania warstw HA na podiozach metalicznych
[26-28].

Obecnie najczesciej stosowang metoda pokrywania
powierzchni metalicznych hydroksyapatytem jest metoda
napylania plazmowego (plasma spraying) [2,3,5-8].
Jednakze metoda ta ma liczne wady [2]: staba adhezja
powtoki HA do podtoza, niska stabilnos¢ mechaniczna
powtoki i niejednorodno$¢ mikrostruktury i krystalicznos$ci
powtok. Metoda hydrotermalna z kolei jest stosowana
gtéwnie jako metoda wspomagajaca krystalizacje warstwy
HA otrzymanej innymi metodami, badZ jako metoda
przygotowania powierzchni [1], badZ jako metoda koricowej
obrébki powierzchni [9-15]. Pomimo licznych zalet [16],
jak: mozliwos¢ otrzymania materiatdbw wysokiej czystosci,
jednorodnej krystalicznosci, mozliwosci zastosowania
metody dla wielu materiatéw, otrzymywania mikro- i
nanoczastek o matym rozrzucie rozmiaréw, uzytkowanie
mato skomplikowanej aparatury i niskie zapotrzebowanie
energetyczne jest to metoda ciagle rzadko stosowania
do syntezy powtok HA na podfozach metalicznych.
Niewielu badaczy pokrywa powierzchnie tytanu warstwg
hydroksyapatytu uzywajgc metody hydrotermalnej jako
metody otrzymania hydroksyapatytu i osadzenia go na
podtozu w trakcie jednej reakcji. Do otrzymania powtok
HA na drodze syntezy hydrotermalnej uzywane sg rézne
roztwory, jednym z nich jest roztwér zawierajacy EDTA*,
Ca%" i PO,*[20,21], innymi — roztwoér Hanka [4] czy sztuczne
osocze (SBF, Simulated Body Fluid) [22].

Implantacja jonéw wapnia do podtozy Ti moze odgry-
wac znaczaca role w promowaniu depozycji HA, poprawie
wiasciwosci mechanicznych Ti, odpornosci na korozje i jego
biozgodnosci [29-31]. Zaimplantowane jony Ca umiejsco-
wione blisko powierzchni w obecnosci SBF czy roztworu
Hanka mogq zosta¢ zmienione w CaO, Ca?, co utatwia
strgcanie HA [30,31].

Celem niniejszej pracy byto okreslenie wptywu przygoto-
wania i modyfikacji zaimplantowanymi jonami Ca powierzch-
ni Ti na skfad i parametry formowania powtoki HA metoda
hydrotermalna, uzywajac roztworu zawierajgcego EDTA*,
Ca?"i PO,* oraz roztworu Hanka.

Materialy i metody

Wszystkie probki zostaty przygotowane do osadzania
HA metodg hydrotermalng w autoklawie umozliwiajacym
przeprowadzanie reakcji w temperaturze do 300°C i pod
cisnieniami do 20 MPa, ktéry dodatkowo nie wymaga uzy-
wania duzych objetosci uzywanych roztworéw (Autoklaw
Laboratoryjny Model II, Roth, Niemcy).

Dostepny na rynku czysty (99,9%) tytan pocieto na
kawatki i uzyto jako podtozy. Zostaty one odttuszczone w
kapieli ultradZzwiekowej przez 10 minut w kazdym z naste-
pujacych rozpuszczalnikdéw: heksan, aceton i etanol [32].
Po kazdym rozpuszczalniku probki ptukano woda dejonizo-
wang i suszono na powietrzu. W przypadku osadzania HA z
roztworu Hanka, kawatki metalu byty dodatkowo trawione w
mieszaninie kwasu fluorowodorowego i nadtlenku wodoru
(40% HF + 30% H,0, + 3% H,0, 10:1:100 v/v/v), a nastepnie
ptukane wodg dejonizowanag.

However, these methods are mainly used for obtaining of
HA powders, used for forming of HA coatings on metallic
substrates [26-28].

Nowadays the most widely used method for metallic
substrates HA coating is plasma spraying method [2,3,5-8].
This method, however, has numerous disadvantages [2]:
weak adhesion between HA coating and the substrate, low
mechanical stability of the coating and coating microstruc-
ture and crystallinity inhomogenity. Hydrothermal method is
mainly used as HA coating crystallization enhancing method
for coatings obtained using other methods, surface prepa-
ration method [1] or as a method used for treatment after
deposition [9-15]. Despite numerous advantages [16] such
as: ability to obtain materials of high purity, homogenous
crystallinity, possibility of using the method for various mate-
rials, obtaining micro- and nanoparticles of small dimension
diversity, using of uncomplicated equipment, low energy
demand, it is still rarely used for HA coatings synthesis on
metallic substrates.

Not many researchers use the hydrothermal method for
HA coating on titanium substrate as a method for synthesis-
ing and deposition of HA in one process. Different solutions
are used to obtain HA coating, one of them is a solution
containing EDTA*, Ca?* and PO,*[20,21], another — Hank’s
solution [4] or simulated body fluid (SBF) [22].

Implantation of Ca ions into Ti substrates may plays an
important role in promoting HA deposition, enhancing Ti
mechanical properties, corrosion resistance and its biocom-
patibility [29-31]. The implanted Ca ions which are located
near the surface in the presence of SBF or Hank’s solution
may be converted into CaO, Ca?* [8] which promotes HA
precipitation [30,31].

The purpose of the present study was to determine the
influence of surface preparation and modification by Ca ion
implantation on molecular composition and formation param-
eters of HA coatings formed by the hydrothermal method,
using EDTA%*, Ca?* and PO,* solution or Hank’s solution.

Materials and Methods

All samples were prepared for HA deposition using the
hydrothermal method in an autoclave enabling reactions in
temperatures up to 300°C and under pressures up to 20 MPa
which additionally does not require using large volumes of
solutions used (Laboratory Autoclave Model Il, Roth, GE).

Commercially available pure (99.9%) titanium pieces
were used as substrates. They were degreased in the ultra-
sonic bath for 10 minutes in each of the following solvents:
hexane, acetone and ethanol [32]. After each solvent use
the samples were rinsed with deionised water and dried in
ambient air. In the case of HA precipitation from the Hank’s
solution, the metal pieces were additionally etched in a
mixture of hydrofluoric acid and hydrogen peroxide (40%
HF + 30% H,0, + 3% H,0, 10:1:100 v/v/v) and then rinsed
with deionised water.

The reference HA was purchased from Merck, DE. All
other reagents were analytical grade (POCh, PL), used
without further purification.

The two solutions used as sources of Ca?*and PO,*- ions
were the following:

(A) Hank’s solution (TABLE 1)

(B) a solution containing 0.2 M Na,EDTA, 0.05 M
NaH,PO, - 2H,0, 0.5 M CaCl, - 6H,0 and 1 M NaOH to
adjust the solution pH.

The as prepared substrates were then placed in the
autoclave containing 50 cm?® of the appropriate solution and
heated to the temperature from 120°C to 150°C (for A) or
200°C (for B) during 0.5 to 7.5 h.
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HA uzywany jako probka odniesienia zostat zakupiony

® o @ o o o o (d firmy Merck, Niemcy. Wszystkie pozostate reagenty byly

czystosci do analizy (czda) (POCh, Polska) i zostaty uzyte
bez dalszego oczyszczania.

Dwa roztwory uzyte jako zrédta jonow Ca?* i PO,* byly
nastepujace:

(A) roztwor Hanka (TABELA 1)

(B) roztwor zawierajacy 0,2 M Na,EDTA, 0,05 M NaH,PO,
- 2H,0, 0.5 M CaCl, - 6H,0 i 1 M NaOH do osiggniecia
odpowiedniego pH roztworu.

Tak przygotowane substraty umieszczano w autoklawie
zawierajacym 50 cm?® odpowiedniego roztworu i podgrze-
wane do temperatury od 120°C do 150°C (dla A) lub 200°C
(dla B) przez 0,5 do 7,5h.

Niektore probki tytanu zostaty zaimplantowane jonami
Ca o koncentracji 5-10'® jonéw na cm?, na implantatorze
jonowym skonstruowanym w IFJ PAN, przy energii im-
plantacji réwnej 25 keV, a pdzniej prowadzono synteze
hydrotermalng w roztworze Hanka w celu okreslenia wptywu
implantacji jonami Ca na szybko$¢ osadzania, jednorodnos$¢
i wydajnosc¢ procesu.

Tak otrzymane prébki byty analizowane przy uzyciu
konfokalnej mikrospektroskopii Ramana o wysokiej roz-
dzielczosci na spektrometrze Nicolet Aimega XR oraz przy
uzyciu dyfrakcji rentgenowskiej (XRD) na dyfraktometrze
Panalytical XPERT PRO.

Wyniki i dyskusja

W roztworze zawierajagcym EDTA stracanie HA przebie-
gato zgodnie z rownaniem [21]:
10 Ca (EDTA)* + 6 HPO,> + 4 H,O —

Ca,,(PO,)s(OH), + 10 H(EDTA)*> + 2 OH, (1)
podczas gdy w roztworze Hanka reakcja przebiegata na-
stepujaco:

10 Ca* + 2 OH + 6 PO,* — Ca,,(PO,)s(OH), (2)

Widma ramanowskie powtok HA otrzymanych z roz-
tworu Hanka i roztworu zawierajgcego EDTA pokazano na
RYS. 1.

Pasma pochodzace od wibracji grup czastek wchodza-
cych w sktad hydroksyapatytu sg nastepujace: v, PO,%,
v, PO, v; PO, v, PO i v, OH [30-37]. W TABELI 2
wymieniono gtéwne pasma ramanowskie dla probek HA.

We wszystkich przypadkach linia ramanowska przypisa-
na do PO,* v, (~960 cm™') byta bardzo intensywna i ostra.
Dla HA otrzymanego z roztworu zawierajgcego EDTA za-
obserwowano dodatkowe piki 1352 i 1600 cm™. Te piki sg
charakterystyczne dla wibracji C-C w graficie (odpowiednio:
piki D i G). Moga one pojawiac sie w wyniku termicznego
rozktadu EDTA, ktéry mozna opisac reakcja:

CioHigN,Og > 10 C + 8 H,O + N, (3)

W roztworach Ca-EDTA powloki byty formowane sto-
sunkowo szybko (35-90 min), ale zawsze byly one zanie-
czyszczone weglem i wykazywaty bardzo stabg adhezje.
Poniewaz w trakcie przechowywania powtoki spontanicznie
sie odtupywalty, zrezygnowano z przeprowadzania dalszych
badan. R.Z. LeGeros i wsp. [41,42] stwierdzili, ze doda-
tek wegla do powtok HA powoduje niekorzystne zmiany
w krystalicznosci HA i jego rozpuszczalnosci, poniewaz
wraz ze wzrostem zawartosci wegla w powtoce HA zmniej-
szaty sie rozmiary krystalitéw i zwiekszato sie tempo uwal-
niania Ca.

W przypadku roztworu Hanka formowanie sie powtoki HA
przebiegato wolniej, zaobserwowano zalezno$¢ szybkosci
formowania sie powtoki od temperatury, czego nalezato
sie spodziewac¢. Powloki te charakteryzowaty sie wiekszg
trwatoscig, wiec oczekujg na testy mechaniczne.

TABELA 1. Sktad roztworu Hanka.
TABLE 1. Composition of the Hank’s solution.

Sktadnik llosé¢ [g]
Component Amount [g]
NaCl 8.00
NaHCO, 0.35
KCI 0.40
KH,PO, 0.06
MgCl,-6H,0 0.10
CaCl, 0.14
Na,HPO,-2H,0 0.06
MgSO,-7H,0 0.06
Woda / Water 1000

Some of the titanium samples were implanted with 5-10'°
ions per cm? Ca ions, on the home-made IFJ PAN implanter,
at the energy of 25 keV, and then treated with the Hank’s
solution to determine the influence of Ca ion implantation
on precipitation speed, uniformity and efficiency.

The as received coatings were examined by means of the
high resolution, confocal Raman microspectroscopy using a
Nicolet Alimega XR spectrometer and X-ray diffraction (XRD)
using Panalytical X’PERT PRO diffractometer.

Results and Discussion

In the EDTA containing solution, HA precipitation occurred
as indicated by the reaction [21]:
10 Ca (EDTA)* + 6 HPO,%> + 4 H,O —»

Ca,z(PO,)s(OH), + 10 H(EDTA)* + 2 OH, (1)
whereas in the Hank’s solution the reaction was a follows:
10 Ca?* + 2 OH- + 6 PO,* — Ca,,(PO,)s(OH), (2)

The Raman spectra of hydroxyapatite coatings obtained
from the Hank’s solution and the solution containing EDTA
are shown in FIG. 1.

The bands associated with the vibrations of the molecular
groups occurring in hydroxyapatite are: v, PO,*, v,PO*, v,
PO, v, PO,* and v, OH- [9-16]. In TABLE 2 the main Ra-
man lines from the HA samples are listed.

In all cases the Raman line assigned to the PO,* v, (~960
cm™) was very intense and sharp. For HA obtained from
the solution containing EDTA additional peaks at 1352 and
1600 cm™" were observed. These peaks are typical of C-C
vibrations in graphite (D and G peaks, respectively). They
may result from thermal decomposition of ETDA which can
be represented by the reaction:

C,oHsN;Os —> 10 C + 8 H,0O + N.,. (3)

In the Ca-EDTA solutions the coatings were formed
relatively fast (35-90 min) but they were always carbon-
contaminated and showed very poor adhesion. Since they
were spontaneously peeling off during the storage, they
were not examined further. R.Z. LeGeros et al. [41,42]
claim that the addition of carbon to the HA coatings causes
disadvantageous changes in HA crystallinity and sollubility
because the higher the carbon concentration in the HA
coating is, the smaller the crystallites and the higher the
Ca release rate.

In the case of the Hank’s solution, HA coating formation
proceeded more slowly, with the expected dependence of
the formation rate on the temperature. The coatings showed
better durability than in the former case, so the samples are
waiting for mechanical tests.
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RYS. 1. Widma ramanowskie dostenego na rynku HA (a), HA otrzymanego z roztworu Hanka
(b), HA otrzymanego z roztworu zawierajacego EDTA (c).
FIG. 1. Raman spectra of the commercially available HA (a), HA obtained from Hank’s solu-
tion (b), HA obtained from solution containing EDTA (c).

TABELA 2. Linie ramanowskie obserwowane dla prébek HA; vw — pasmo bardzo stabe, w — pasmo stabe, m
— pasmo o sredniej intensywnosci, s — pasmo o wysokiej intensywnosci.

TABLE 2. Raman lines observed for the HA samples; vw — very weak line, w — weak line, m — medium intensity
line, s — strong line.

HA otrzymany z roztworu Hanka po

HA otrzymany z HA otrzymany z

Wibracja l_Odnosnlk B implantacji jonami Ca roztworu Hanka roztworu EDTA-Ca
iteraturowy
Vibration References I?I\le':ré-ll(/)\ HA obtained 'from_ Hank’s s_olution HA obtained f_rom HA obtained frc_)m
after Ca ions implantation Hank’s solution EDTA-Ca solution
PO v, [33-40] 431w 430 w - -
PO v, [33-40] 591 w 588 w - 526 vw
PO, v, [33-40] 962 s 960 s 966 s 967 s
PO v, [33-40] 1049 w 1035 vw 1081 w -
OH- v, [34,35,37] 3575 m 3573 vw 3678 w 3565 vw

Chemiczne zaburzenie powtoki pasywacyjnej TiO, byto
korzystne z punktu widzenia procesu formowania powtoki
— kiedy powierzchnia Ti byta wytrawiana w mieszaninie HF i
H,O,, depozycja byta bardziej wydajna (pod wzgledem szyb-
kosci depozycji, grubosci i jednorodnosci warstwy), chociaz
jednorodnos¢ powtoki (obserwowana pod mikroskopem
spektrometru Ramana) wcigz nie byta satysfakcjonujaca.
Analiza XRD wykazata, ze grubos¢ i jednorodnos¢ warstw
nie byta wystarczajgca, poniewaz gtéwny przyczynek do
widm XRD pochodzit od substratu Ti.

Implantacja jonami Ca réwniez zdaje sie wspierac depo-
zycje HA. Widmo ramanowskie HA otrzymanego z roztworu
Hanka na substracie Ti implantowanym jonami Ca zostato
pokazane na RYS. 2.

Chemical disturbance of the TiO, passivation layer was
favourable for the coating process —when the Ti surface was
etched in the HF and H,O, mixture the deposition was more
efficient (in terms of the deposition rate, coating thickness
and uniformity), although coating uniformity (observed under
the microscope of the Raman spectrometer) was still not
satisfactory. The XRD analysis showed that the thickness
and uniformity of the layers were not satisfactory as the main
contribution to the XRD patterns arised from Ti substrate.

Ca ion implantation also seems to promote the HA
deposition. The Raman spectrum of HA obtained from the
Hank’s solution on Ca ions implanted Ti substrate is shown
in FIG. 2.
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RYS. 2. Widmo ramanowskie HA otrzymanego z roztworu Hanka na substracie Ti

imlantowanym wapniem.

FIG. 2. Raman spectrum of HA obtained from the Hank’s solution on Ca ions im-

planted Ti substrate.

Wszystkie piki pojawiajgce sie w przypadku analizy czy-
stego HA pojawiaja sie w przypadku powtoki HA otrzymanej
zroztworu Hanka na Ti implantowanym jonami Ca. Powtoki
byly bardziej jednorodne (oceniajac na podstawie obrazu z
mikroskopu optycznego), grubos¢ powtok rowniez wzrosta
w poréwnaniu do syntezy na czystym Ti.

Whioski

1. Przygotowanie substratu Ti odgrywa istotng role w
osadzaniu HA. Implantacja jonami Ca wspiera formowanie
powtok —ich jednorodnos¢ i grubosc¢. Co wigcej, czeSciowy
rozkfad pasywnej warstwy TiO, wspomaga stracanie HA na
podtozu tytanowym.

2. Synteza hydrotermalna z uzyciem roztworu zawie-
rajagcego Ca-EDTA umozliwia uzyskanie warstwy HA w
stosunkowo krotkim czasie. Jakkolwiek rozktad EDTA,
ktérego w naszym eksperymencie nie mozna kontrolowac,
jak rowniez staba jakos$¢ otrzymanych powtok HA powoduja,
ze ta metoda (A) nie jest rekomendowana do stosowania.
Rozktad EDTA moze skutkowaé zwiekszong rozpuszczal-
noscig warstwy, co jest niekorzystne z punktu widzenia
wszczepiania endoprotez stawowych.

3. Bardziej obiecujaca jest metoda (B) otrzymywania
warstw HA, wiec dopracowanie jej warunkéw (temperatury,
cisnienia par, stezenia soli w roztworze) w celu poprawy
jakosci powtok bedzie przedmiotem dalszych badan.
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technologia ztozonych powtok dla specjalnych zastosowac
medycznych i przemystowych”.

All peaks appearing for pure HA can be observed for HA
coating obtained from the Hank’s solution on Ti implanted
with Ca ions. The coatings were more uniform (assessing
from optical microscope view) and the coating thickness also
improved in comparison with synthesis on pure Ti.

Conclusions

1. Ti substrate preparation played an important role in
HA deposition. Ca ion implantation promotes the HA coat-
ing formation — its uniformity and thickness. Moreover,
TiO, passivation layer partial decomposition facilitates HA
precipitation on titanium substrate.

2. Hydrothermal synthesis using Ca-EDTA solution ena-
bles obtaining HA coating in relatively short time. However,
the decomposition of EDTA which could not be controlled in
our experiment, as well as poor quality of the obtained HA
coating, make the method (A) not recommendable. EDTA
decomposition may result in increased solubility of the HA
coating which is unfavourable for the prostheses implanta-
tion purpose.

3. The method (B) of HA deposition seems much more
promising, so that adjusting its conditions (temperature,
vapour-phase pressure, salt concentration in solution) to
improve the quality of the coatings will be the subject of
further investigations.
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Streszczenie

Topografia i energia powierzchniowa to parametry
W znaczgcy sposob wptywajgce na biozgodnosc¢ mate-
riatu. Przedmiotem pracy sq nanokompozyty polimero-
we otrzymane w wyniku wprowadzenia do polilaktydu
nanoczgstek montmorylonitu (MMT). Przedstawiono
wyniki badan powierzchni (SEM, AFM, EDS) oraz
Sscharakteryzowano materiaty w zakresie energii po-
wierzchniowej i jej sktadowych. W pracy wykazano, Zze
dodatek nanoczgstek ceramicznych do resorbowalnej
matrycy polimerowej to skuteczna droga modyfikacji
parametrow powierzchni materiatu, istotnych z punktu
widzenia wtasciwosci biologicznych.

Stowa kluczowe: nanokompozyty polimerowe,
nanoczgstki, wtasciwosci powierzchni

[Inzynieria Biomateriatow, 92, (2010), 30-35]

Wprowadzenie

Medycyna regeneracyjna to dziedzina, w coraz wiekszym
stopniu, zainteresowana materiatami o specyficznych wiasci-
wosciach powierzchniowych, sprzyjajacych adhezji komorek
i funkcjonalizacji biologicznej. W ostatnich latach pojawito
sie wiele doniesien o wpltywie parametrow powierzchni na
adhezje komoérek, a przez to takze na biozgodno$¢ mate-
rialu. Energia powierzchniowa, topografia i elastycznosé
powierzchni wptywajg bezposrednio na dwa wazne zjawiska
w interakcji komoérka-materiat: adsorpcje biatek i adhezje
komaorek do powierzchni [1-2]. Wiadomo na przyktad, ze ad-
hezja osteoblastow na materiatach zalezy przede wszystkim
od takich parametréw powierzchni materiatéw, jak: budowa
chemiczna powierzchni, topografia lub energia powierzch-
niowa. Komorki w kontakcie z materiatem przytaczajg sie
do jego powierzchni, adherujg i nastepnie namnazajg sie.
Sposodb adhezji wptywa na pdzniejszg morfologie komoérek
i ich zdolnos$¢ do proliferaciji i réznicowania [3-5].

Adhezja komoérek kostnych (osteoblasty) zalezy od to-
pografii powierzchni materiatu implantacyjnego. Literatura
podaje, ze na gtadkich powierzchniach komérki kostne ad-
herujg losowo, nie osiggajac maksymalnego rozptaszczenia.
Nierownosci o wielkosci ponizej 0,5 um sg przez osteoblasty
praktycznie ,niezauwazalne”, natomiast topografia w skali
nanometrycznej stanowi czynnik istotnie poprawiajacy ad-
hezje komoérek do powierzchni [6].

Tkanka kostna pod wzgledem zaréwno budowy jak i
sktadu jest nanokompozytem na bazie kolagenu, w ktérym
znajdujg sie nanokrysztaty hydroksyapatytu [7]. Ten fakt
sprawit, ze w projektowaniu materiatéw (skaffoldéw) do
leczenia ubytkoéw tkanki kostnej, zwrécono uwage na na-
nokompozyty, czyli materiaty polimerowe, modyfikowane
nanoczgstkami ceramicznymi. Nanokompozyty polimerowe
zawierajgce hydroksyapatyt (kolagen/HAp, PLA/kolagen/
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Abstract

Topography and surface free energy are the para-
meters significantly influencing biocompatibility of the
material. The main objective of this work was to obtain
polymer nanocomposites by the addition of nanopar-
ticles of montmorillonite (MMT) to a polycaprolactone
matrix. The results of the surface examination were
presented (SEM, AFM, EDS). The material surface
energy and its components were studied. In the study it
was showed that the addition of ceramic nanopatrticles
to a resorbable polymer matrix is an effective way to
modify the parameters of the material surface in terms
of the biological properties.

Keywords: polymer nanocomposites, nanopatrticles,
surface properties

[Engineering of Biomaterials, 92, (2010), 30-35]

Introduction

Regenerative medicine for the treatment of bone defects
requires new innovative materials, which are characterized
by specific surface properties, favorable cell adhesion and
biological functionalization. In recent years, there were many
reports on the impact of surface characteristics on the cell
adhesion, and thus also on biocompatibility of the material.
Surface energy, surface topography and flexibility directly
influence two important phenomena in the cell-material
interactions: proteins adsorption and cell adhesion to the
surface [1-2]. Osteoblast adhesion on materials depends
primarily on the surface parameters such as: surface
chemistry, surface topography or surface energy. Cells in
contact with a material surface at first attach, adhere and
spread. The quality of adhesion influences the subsequent
morphology of cells and their capacity for proliferation and
differentiation [3-5].

Bone cells (osteoblasts) adhesion depends on the surface
topography of implant materials. According to literature bone
cells adhere at random on smooth surfaces, without reach-
ing the maximum of spreading. The surface inregularities of
less than 0.5 ym are by osteoblasts virtually “invisible” while
in the nanometric scale topography is a factor significantly
improving the adhesion of cells to the surface [6].

The bone tissue in terms of both structure and composi-
tion is a collagen-based nanocomposite, in which there are
hydroxyapatite nano-crystals [7]. This fact caused that in
the design of materials (scaffolds) for the treatment of bone
defects more attention is placed on the nanocomposites,
i.e. polymer materials modified with ceramic nanoparti-
cles. Polymer nanocomposites containing hydroxyapatite
(collagen/HAp, PLA/collagen/HAp, alginates/collagen/
HAp, chitosan/HAp, gelatin/HAp, PCL/HAp, PLA/HAp)



HAp, alginiany/kolagen/HAp, chitozan/HAp, zelatyna/HAp,
PCL/HAp, PLA/HAp) sa aktualnie przedmiotem licznych
opracowan, ktére jednoznacznie wskazujg na wysoki poten-
cjat tej grupy tworzyw do regeneraciji tkanki kostnej [8-12].

Niemniej jednak, jak wynika z literatury, nie tylko nano-
hydroksyapatyt przydatny moze by¢ w zastosowaniu do
modyfikacji polimeréw przeznaczonych dla zastosowan
medycznych. Znany z zastosowan w licznych tworzywach
polimerowych montmorylonit, dzigki swoim wiasciwosciom
moze by¢ atrakcyjnym materiatem, stuzgcym do wytwarza-
nia nanokompozytéw dla zastosowan medycznych. Nano-
montmorylonit modyfikuje matryce polimerowg podnoszac
jej wytrzymatosc¢ i sztywnosc¢ oraz wptywa na szereg innych
wtasciwosci korzystnych dla zastosowah medycznych.
Z literatury wynika, ze montmorylonit moze wptywaé na bak-
teriostycznosc¢ tworzywa polimerowego, moze by¢ rowniez
sktadnikiem, przy pomocy ktérego wptywa¢ mozna na czas i
kinetyke rozpadu matryc resorbowalnych. Mozna przypusz-
czaé, ze nie bez znaczenia dla zastosowan medycznych jest
réwniez zjawisko interkalacji, ktéremu z tatwoscig poddawaé
mozna krzemiany warstwowe, wprowadzajgc pomiedzy
pakiety substancje organiczne (biomolekuty, leki).

Celem pracy byto zbadanie wptywu nanomontmorylo-
nitu na topografie i energie powierzchniowg biozgodnego,
resorbowalnego polimeru.

Materiaty i metody

Do przygotowania probek kompozytéw uzyto poli-e-
kaprolaktonu firmy Sigma-Aldrich (masa czasteczkowa
Mn 65000; temp. topnienia 60°C; polidyspersja Mw/Mn <2).
Granule polimeru rozpuszczono w dichlorometanie (POCH)
w stezeniu 10% wag. Jako modyfikatora PCL uzyto montmo-
rylonitu firmy Sigma-Aldrich (nazwa handlowa MMT K-10;
srednia wielkos¢ czastki DLS 80-100 nm; powierzchnia
250 m?/g; pH 3-4).

Nanokompozyty polimerowe o zawartosci 0,5% wag.
nanododatku zostaty przygotowane przy uzyciu metody roz-
puszczalnikowej. Sporzadzono réwniez probke polikaprolak-
tonu bez dodatku montmorylonitu w celu poréwnawczym.

Pierwszym etapem przygotowania probek byta dyspersja
nanoproszku (MMT) w dichlorometanie poprzez miesza-
nie zawiesiny przy uzyciu sonikatora ultradzwiekowego.
W kolejnym etapie zawiesina montmorylonitu byta faczona
z 10% wag. roztworem polikaprolaktonu w dichlorometa-
nie i mieszana przez 24 godziny przy uzyciu mieszadta
magnetycznego. Po tym czasie zawiesina byta ponownie
homogenizowana przy uzyciu sonikatora ultradzwiekowego.
Przygotowane w ten sposéb mieszaniny zostaty odlane na
szklane szalki Petriego w formie cienkich folii. Suszenie
przeprowadzono w dwéch etapach: 24 godziny pod dige-
storium pod cisnieniem atmosferycznym, a nastepnie przez
48 godzin w suszarce prézniowej.

Powierzchnie otrzymanych prébek obserwowano przy
uzyciu skaningowego mikroskopu elektronowego (JEOL
JSM-5400). Dokonano analizy powierzchni korzystajac z
przystawki do rentgenowskiej analizy chemicznej w mikroob-
szarach (EDS). Dodatkowo wykonano badania powierzchni
probki materiatu, modyfikowanego montmorylonitem, przy
uzyciu mikroskopu sit atomowych (Explorer, Veeco, USA).

Chropowatos¢ prébek zbadano przy uzyciu profilome-
tru T1000 firmy HOMMELWERKE. Materiaty w ksztatcie
paskéw o wymiarach 1x1,5 cm umieszczano na stoliku
profilometru i powtarzano pomiar 10-krotnie. Z otrzymanych
danych zostaly obliczone wartosci srednie i odchylenia
standardowe wartosci Srednie;.

Swobodng energie powierzchniowg okreslono przy
pomocy analizy matematycznej wynikéw bezposrednich
pomiaréw kata zwilzania dla wody (UHQ) i dijodometanu.

are currently the subject of numerous studies, which clearly
show the high potential of this group of materials to regener-
ate bone tissue [8-12].

However, as it is known from the literature, not only na-
nohydroxyapatite may be useful in modification of polymers
intended for medical purposes. Known for its numerous
applications in polymer plastics montmorillonite due to its
characteristics may be an attractive material that is used to
produce nanocomposites for medical applications. Nano-
montmorillonite modifies the polymer matrix, increasing its
strength and stiffness and affects a number of other proper-
ties useful for medical applications. The literature shows that
montmorillonite may affect bacteriostatic characteristics of
polymer matrix, may also be a component influencing the
time and decay kinetics of resorbable matrix. One may as-
sume that for medical applications is also the phenomenon
of intercalation, which can be easily subjected to layer
silicates, introducing organic substances (bio-molecules,
drugs) between the packages.

The aim of this study was to examine the influence of
added nanomontmorillonite on the topography and surface
energy of biocompatible, resorbable polymer.

Materials and methods

Poly-¢e-caprolactone delivered by Sigma-Aldrich (mo-
lecular mass Mn 65000; melting temp. 60°C; polydispersion
Mw/Mn <2) was used for preparation of the composites.
Granules of the polymer were dissolved in dichlorometh-
ane (POCH) at a concentration of 10 wt%. Montmorillonite
powder delivered by Sigma-Aldrich was used as a modifier
of PCL (trade name K-10 MMT, the average DLS particle
size 80-100 nm, surface 250 m?/g, pH 3-4).

Polymer nanocomposites with 0.5 wt% content of ceramic
powder were prepared using solvent evaporation method.
One sample without montmorillonite content was prepared
as the reference material.

The first step in sample preparation was the dispersion
of montmorillonite nanopowder in dichloromethane by stir-
ring the suspension using an ultrasonic homogenizer. In the
next step the montmorillonite suspension was mixed with
10% solution of PCL in dichloromethane and stirred for 24
hours with the use of magnetic stirrer. Then the solution
was homogenized with the use of ultrasonic homogenizer.
Produced mixtures were poured onto Petri dishes to form
thin foils. Solvent was removed during two-step process: 24
hours drying in air and 48 hours in a vacuum drier.

The surface of the obtained samples was observed using
a Scanning Electron Microscope (JEOL JSM-5400). The
analysis of the surface has been made using the snap to
the X-ray in chemical analysis (EDS). The sample surface
was also observed using the Atomic Force Microscope
(Explorer, Veeco, USA).

The roughness of each sample was measured using
HOMMELWERKE profilometer (model T1000). The materi-
als in the form of strips with dimensions of 1x1.5 cm were
placed on the table. Ten measurements were made for each
sample. Mean values and standard deviations of the mean
were calculated.

Surface free energy was calculated by mathematical
analysis of the results of contact angle direct measurements
for water (UHQ) and diiodomethane. Owens-Wendt method
of dispersive and polar components was used to calculate
the surface energy of modified and unmodified PCL surface.

The contact angle was measured using DSA 10 Mk 2 Kruss
apparatus at room temperature. As the measuring liquid
ultra-high purity water has been used (UHQ). Ten measure-
ments were made for each sample. From the resulting data
mean values and standard deviations were calculated.
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wykonane za pomoca aparatu DSA 10 Kruss w temperaturze
pokojowej. Jako cieczy pomiarowej uzyto wody o ultra-wy-
sokiej czystosci (UHQ). Wykonano 10 pomiaréw dla kazdej
prébki. Z otrzymanych danych zostaty obliczone wartosci
Srednie i odchylenia standardowe warto$ci Srednie;j.

Wyniki i dyskusja

Badania mikrostruktury niemodyfikowanego polimeru
oraz materiatu nanokompozytowego przeprowadzono przy
uzyciu mikroskopu skaningowego. Wyniki przedstawiono
na RYS. 1i2. Powierzchnia niemodyfikowanego polikapro-
laktonu kontaktujgca sie z powietrzem ma obraz charakte-
rystyczny dla tego polimeru, na ktory sktadajg sie sferolity
oraz niewielkie pory pomiedzy nimi, natomiast powierzchnia
kontaktujgca sie z szalkg jest znacznie gtadsza i nie po-
siada charakterystycznej dla PCL tekstury. W przypadku
nanokompozytu sytuacja jest odmienna, znacznie gtadsza
jest powierzchnia kontaktujgca sie z powietrzem, natomiast
pory dostrzec mozna na powierzchni ,od szalki”. Analize
chemiczng powierzchni badanych materiatéw wykonano
przy uzyciu przystawki SEM-EDS. Wyniki przedstawiono
na RYS. 3 i 4. Powierzchnia niemodyfikowanego polimeru
nie zawiera krzemu, podobnie jak powierzchnia modyfiko-
wanego materiatu, kontaktujaca sie z szalka. Natomiast na
powierzchni PCL z dodatkiem 0,5% wag. MMT, kontaktujacej
sie z powietrzem wystepuja niewielkie ilosci krzemu, o czym
Swiadczg stabe pasma w widmach EDS.
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RYS. 1. Obraz mikroskopowy powierzchni PCL
w kontakcie z powietrzem - A, w kontakcie z po-
wierzchnia szalki Petriego - B.

FIG. 1. Microscopic picture of the PCL film surface
in contact with air - A, in contact with the Petri dish
surface - B

Results and Discussions

Microstructure investigations of unmodified polymer and
nanocomposite material were performed using Scanning
Electron Microscopy. The results are shown in FIGS. 1 and 2.
Polycaprolactone unmodified surface contacting with the air
is characteristic for this polymer; it consists of spherolites
and small size pores between them. The area contacting
with the Petri dish is much smoother and has no texture
characteristic of the PCL. In the case of nanocomposite the
situation is different; much smoother surface is in contact
with air, whereas the pores can be seen on the surface “of
the dish.” Results of chemical analysis are shown in FIGS.
3 and 4. Neither unmodified polymer surface nor modified
material surface contacting with the dish do not contain sili-
con. However, on the surface of the PCL with 0.5 wt% MMT
“from the air” there are small amounts of silicon revealed by
the weak band in the spectra obtained from EDS.

The surface topography of MMT modified material, in con-
tact with air was made using Atomic Force Microscope (FIG. 5).
AFM results are difficult to be unequivocally interpreted,
although it cannot be excluded that particularly the surface
in contact with air reveals the presence of MMT plates.

The results of roughness are presented in FIGS. 6 and 7.
The roughness measurements also show that the un-
modified polymer surface in contact with air is more rough
than the surface of the polymer with nanomontmorillonite.
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RYS. 2. Obraz mikroskopowy powierzchni nano-
kompozytu (PCL/0,5% wag. MMT), w kontakcie z
powietrzem - A, w kontakcie z powierzchnia szalki
Petriego - B.

FIG. 2. Microscopic picture of surface nanocom-
posite (PCL/0.5 wt% MMT), in contact with air - A,
in contact with the Petri dish surface - B.
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FIG. 3. EDS analysis - the surface of pure PCL
without nanocomponent.
80
A 60
40
b' {71‘.;:\
0 pm
S 20 0
Na, Si
% i 10
S / 0 2 4 6 8
Wym .“ Ao Energy (keV)jl

10pm ™

0 pm Oum

. ¢ 700 nm

“ e
£ 350 nm

') b ! 0nm
A /20pm

"

\. / g

S 10pum

20pm ™~

MI-.-;\]""-"-.._Z .

0 pm

Fi

0pm

RYS. 4. Analiza EDS - powierzchnia nanokompozytu
(PCL/0,5% wag. MMT), w kontakcie z powietrzem - A,
w kontakcie z szalka Petriego - B.

FIG. 4. EDS analysis of the nanocomposite sur-
face (PCL/0.5 wt% MMT), in contact with air - A,
in contact with the Petri dish surface - B.
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RYS. 5. Powierzchnia nanokompozytu (PCL/0,5%
wag. MMT), od strony szalki Petriego - A, w kontak-
cie z powietrzem - B. (Mikroskop sit atomowych).
FIG. 5. Nanocomposite surface (PCL/0.5 wt% MMT),
in contact with the Petri dish surface - A, in contact
with air - B. (Atomic force microscopy).

RYS. 6. Chropowatos¢ powierzchni polikaprolak-
tonu i nanokompozytu. Diagram srednich arytme-
tycznych odchylenia profilu.

FIG. 6. Roughness of PCL and nanocomposite sur-
faces. Diagram of the arithmetic average deviation
of the profile.
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RYS. 7. Chropowatos¢ powierzchni polikaprolak-
tonu i nanokompozytu. Diagram maksymalnych
wysokosci pomiedzy najwyzszym szczytem, a
najnizsza doling.

FIG. 7. Roughness of PCL and nanocomposite sur-
face. Diagram of the maximum heights between the
highest peak and lowest valley.
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RYS. 8. Zwilzalnos¢ powierzchni PCL i nanokompo-
zytu. Diagram wartosci kata zwilzania.

FIG. 8. Wettability of PCL and nanocomposite sur-
faces. Diagram of contact angle values.

Obrazy powierzchni materialu modyfikowanego MMT
kontaktujacej sie z powietrzem wykonane przy uzyciu mi-
kroskopu sit atomowych przedstawiono na RYS. 5. Wyniki
AFM sa trudne do jednoznacznej interpretacji, jednakze nie
mozna wykluczy¢, ze na powierzchni ,0d strony powietrza”
widoczne sg hanoptytki MMT.

Wyniki badahn chropowatos$ci przedstawiono na wy-
kresach (RYS. 6 i 7). Z pomiaréw chropowatosci wynika
réwniez, ze powierzchnia niemodyfikowanego polimeru
kontaktujgca sie z powietrzem jest bardziej chropowata, niz
powierzchnia polimeru z dodatkiem nanomontmorylonitu.
Warto$¢ parametru R, po modyfikacji matrycy polimerowej
zmniejszyta sie okoto 9-krotnie, zas warto$¢ parametru R,
zmalata okoto 4-krotnie. W przypadku powierzchni kon-
taktujacej sie z szalka, chropowatos¢ folii, po modyfikacji
nanododatkiem nieznacznie wzrasta. Wartosci parametrow
R, i R, wzrosty o okoto 30%.

Na wykresie (RYS. 8) zebrano wyniki pomiaréw kata
zwilzania powierzchni prébek przez wode. Z pomiaréw
wynika, ze wprowadzenie do matrycy polimerowej nanoczg-
stek montmorylonitu ma stosunkowo niewielki wptyw na kat
zwilzania powierzchni badanych materiatéw. Warto$¢ kata
zwilzania dla czystego PCL wynosi ok. 83°. W przypadku po-
wierzchni prébek PCL modyfikowanego MMT kontaktujacej
sie z powietrzem oraz z szalkg Petriego réznice zawierajg
sie w zakresie od 5-8°.

RYS. 9. Catkowita energia powierzchniowa. (PCL i
nanokompozyt).

FIG. 9. Diagram of the total surface energy (PCL and
their nanocomposite).
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RYS. 10. Energia powierzchniowa - skladowa dys-
persyjna. (PCL i nankompozyt).

FIG. 10. Diagram of dispersive component of surfa-
ce energy. (PCL and their nanocomposite).
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RYS. 11. Energia powierzchniowa - sktadowa polarna.
(PCL i nanokompozyt).

FIG. 11. Diagram of the polar component of surface
energy. (PCL and their nanocomposite).

R, parameter value after the modification of polymer matrix
decreased approximately 9 times, while the value of the
parameter R, decreased approximately 4 times. In the case
of surfaces in contact with a dish, film roughness after nano-
additive modification slightly increases. The values of the
parameters R, and R, increased by approximately 30%.

In the graph (FIG. 8) there are summarized measure-
ments of the contact angle of the sample surface by water.
The measurements suggest that the introduction of MMT
nanoparticles to the polymer matrix has a relatively minor
impact on surface contact angle of the tested materials.
Value of contact angle for pure PCL is approximately 83°.
In the case of MMT modified PCL surfaces (contact with air
and with the dish) the contact angle increases by about 5-8°.
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Wyniki pomiaréw energii powierzchniowej przedstawiono
na wykresach (RYS. 9-11). Energia powierzchniowa nano-
kompozytu charakteryzuje sie zaréwno od strony szalki, jak
i powietrza, nieco wyzszg sktadowg dyspersyjng i nizszg
sktadowg polarng w poréwnaniu z niemodyfikowanym
polimerem.

Whioski

Na podstawie przeprowadzonych badan mozna wnio-
skowac, ze powierzchnia nanokompozytu rézni sie od
powierzchni czystego polimeru. Zmiany dotyczg, w prze-
wazajacej mierze, topografii powierzchni. Z badan wynika,
ze powierzchnia nanokompozytu jest istotnie gtadsza od
polimeru oraz pojawiajg sie na niej najprawdopodobniej
nanoczgstki montmorylonitu, nadajac jej charakterystyczng
nanotopografie. Pojawienie sie nanoczastek na powierzchni
materiatu jest zapewne efektem oddziatywan pomiedzy
nanododatkiem a tancuchami polimeru. Oddziatywania
pomiedzy nanoczgstkami a matrycg polimerowa z jednej
strony wyraznie ograniczajg wielkosci sferolitéw (nukleacja
na nanoczastkach), z drugiej sprawiajg, ze pewna ich ilo$¢
zostaje wypchnieta na powierzchnie nanokompozytu.

Kontrolowana modyfikacja nanoczgstkami biozgod-
nych matryc polimerowych moze by¢ skuteczng drogg
do sterowania wasciwosciami biologicznymi materiatéw
przeznaczonych do regeneracji tkanek, bowiem zaréwno
nanotopografia, jak i wzajemny stosunek dwéch sktadowych
energii powierzchniowej, to parametry majace zasadniczy
wplyw na adsorpcje biatek, jak i adhezje komorek.
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Surface energy measurement results are shown in the
graphs (FIGS. 9-11). Nanocomposite surface energy of both
the dish and the air sides is characterized by a slightly higher
dispersion and lower polar components in comparison with
unmodified polymer.

Conclusions

The results obtained in this work indicate that the sur-
face of nanocomposite undergoes significant changes
compared with pure polymer. The changes relate mainly to
surface topography (nanotopography) and surface energy
components. The study shows that on the material surface
montmorillonite nanoparticles appear, resulting in a charac-
teristic nanotopography. The appearance of nanoparticles
on the surface of the material is probably the result of the
interaction between the polymer chains and nanoadditive.
Interaction between nanoparticles and polymer matrix on
the one hand clearly limits the tendency of the polymer to
form spherulites, the other causes, that some nanoparticles
are pushed out of its surface. Controlled modification of the
biocompatible polymer matrices using nanopatrticles can be
an effective way to control the biological properties of materi-
als for tissue regeneration, because both nanotopography
and size of the two components of surface energy, have a
significant impact on protein adsorption and cell adhesion.
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